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ABSTRACT
 The Eocene Juncal Formation, well exposed in the Transverse and Coast Ranges 
of southern California, is comprised of deep-water, middle and upper active continental 
slope deposits that shallow to shelf depths. On the Pine Mountain fault block, a 19-km-wide 
stratigraphic exposure is interpreted to exhibit two coeval slope systems as much as 2,700 meters 
thick in outcrop. Sandstones and conglomerates within both systems are encased in mudstone 
tens to hundreds of meters thick, punctuated by mass-transport deposits tens of meters thick. 
The Western Slope System contains sandstone sheets and lobes ranging in thickness from a 
few to as much as 100 meters. Some are partially confined within 5-15m-deep scours, and 
exhibit high-energy bypass features such as pebble lags, scour surfaces, truncated bed tops, and 
basal injections. In contrast, the Eastern Slope System exhibits conglomerate-filled channels 
with 50-100m of confinement and change upward to fine- to coarse-grained sandstones with 
conglomeratic interbeds and increased content of terrestrial organic particles.
 Here, these two slope systems, and their contrasting grain sizes, sedimentary body 
geometries, and architectural elements, are described, discussed and interpreted with respect 
to depositional processes, various slope environments, and allogenic vs. autogenic controls. 
Distinguishing coarse-grained deposits of the Western Slope System are interpreted as line-
sourced, sandy intra-slope aprons fed by longshore drift from a nearby delta. Those in the 
Eastern Slope System appear to be point sourced, where a confined slope channel system and 
associated overbank deposits at the base grade upward to shallow-water shelf edge beds sourced 
directly from the delta. Mass-failure scars created accommodation whereas the mass-transport 
deposit created an obstruction to trap sediments from subsequent down-slope flows. Sandstones 
are common overlying mass-transport deposits in both systems. 
 Sea-level fluctuations are interpreted to control initial channel cutting, whereas tectonics 
and sediment supply control available grain-sized populations. Slope accommodation and rugged 
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topography created by mass-transport deposits controlled the different architectures between the 
two systems. Results from this outcrop study of two coeval slope systems help bridge the data 
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 This study presents new, highly detailed outcrop maps and analysis of the deep-water, 
siliciclastic, Eocene Juncal Formation, interpreted as continental slope deposits fed from a shelf- 
edge fan delta exposed on the Pine Mountain fault block (PMFB) in southern California (Figure 
1). This is the first study on the Juncal Formation in the PMFB to identify and classify lithofacies 
and architectural elements in detail and the most comprehensive on the Juncal Formation in 
the region. This study is a pioneering attempt to describe the slope deposits over a large area, 
forming the basis for more detailed work. Onshore outcrop exposures of known active margin 
continental slope deposits are rare, and this study aims to provide additional measureable and 
observable outcrop analogues for studies of this depositional environment.
 The continental slope is defined as the portion of the continental margin between the 
continental shelf and the continental rise and is generally characterized by a relatively steep slope 
of 1.5° to 6° in bathyl water depths ranging from 200-3500 meters (m) (Glossary of Geology, 
2005). The upper boundary, defined by the shelf-slope break, generally occurs at water depths 
of 150-200 m and the slope can extend to depths ranging from 1400-3200 m (Bouma, 1979). In 
this study on the Juncal Formation, benthic foraminiferal and geologic mapping data suggest the 
Formation was deposited in water depths ranging from 150-2000m, falling within the limits of 
the continental slope definition (Table 1). 
 Continental slope sedimentary systems contain a large volume of the Earth’s sediment 
(e.g., Kennet, 1982), but are not as well understood as the shallower shelf and deeper basin 
floor systems, nor as predictable, due to the prevalence of bypass and consequent removal of 
sediment and excavation of the slope (Weimer and Pettingill, 2007). The majority of data on 
slope depositional environments are collected from borehole and reflection-seismic data, which 
also provide information on slope and basin topography, channel and canyon shapes, and fan 
geometries (Maier, et al., 2013). However, the relatively low-resolution of seismic acoustic 
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data cannot physically image or constrain outcrop-scale and bed-scale three-dimensional (3-
D) stratigraphic features (Maier, et al., 2013). In contrast, outcrop studies can provide highly 
detailed constraints on lithofacies, bed-scale geometries, stratigraphic architectural elements, 
bedding continuities and lateral changes of complex, deep-water slope systems. Although 
outcrop mapping provides details that cannot be obtained by seismic acoustic imaging, it may 
not provide regional-scale details on extensive deep-water features due to a lack of 3D exposures 
in outcrops (Clark, et al., 1992; Mayall, et al., 2006; Surpless, et al., 2009).
 Slope sedimentary systems are becoming increasingly popular targets for petroleum 
exploration (e.g., Badalini et al., 2000; Prather, 2003; Pettingill and Weimer, 2002; Madof et 
al., 2009), which requires attention to detail at both large and small scales. Outcrop studies can 
bridge the scale gap between cores, down-hole geophysical logs, well-production data, and 
regional-scale seismic profiles. Outcrop studies can also supplement sea floor observations 
that lack stratigraphic data on internal heterogeneities within reservoirs needed for improved 
production. It is estimated that complex internal architectures are responsible for entrapment 
of as much as 30% of the original oil in place (Tyler, et al., 1984), so assessment of ancient 
examples in known tectonic settings provides measurable and observable analogues for 
reservoir-prediction models.
 Submarine canyons and channels are considered to be some of the most important and 
most frequently studied conduits for sediment transport from the shelf to the basin floor (e.g., 
Normark et al., 1979; Shepard, 1981; Babonneau et al., 2002; McHugh and Ryan, 2002; Covault 
et al., 2011; He et al., 2013; Maier et al., 2013). However, large canyons and channels are 
considered to be mature features on the continental margin (Elliott, 2000; Fildani et al., 2013) 
and consequently have been the easiest to image and interpret with seismic data (e.g., Maier et 
al., 2011; Maier et al., 2012; Maier et al., 2013). Slope channel inception and evolution has been 
a research focus for only a few decades, (e.g., Weimer and Dixon, 1994; Elliott, 2000; Stow 
and Mayall, 2000; Mutti et al., 2003; Posamentier and Kolla, 2003; Fildani et al., 2013; Maier 
et al., 2013; Hubbard et al., 2014) but the topic is receiving more attention as the study of slope 
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system reservoirs increase. These studies have shown that preceding the development of canyon 
and large channel features, smaller scours, megaflutes, gullies and even slide scars exist on 
continental slopes as the initial conduits for sediment transport from shelf to slope (May et al., 
1983; Roep and Fortuin, 1996; Field et al., 1999; Elliott, 2000; Dakin et al., 2013; Fildani et al., 
2013). The presence of these features in the rock record may indicate that the preserved slope 
system was active but immature, resulting in a different set of slope architectures from a more 
mature slope system with sinuous slope channels and established levees. 
 One of the main ways to supply these conduits with sediment is through the development 
of shelf edge deltas that have prograded across the shelf out to the shelf-slope break (Steel et al., 
2003; Sylvester et al., 2012). Shelf-edge deltas are commonly associated with the development 
of gully fields on continental slopes (Field et al., 1999; Sylvester et al., 2012). Fluvial-dominated 
deltas are found to experience slope failures more than other submarine depositional settings 
(Lee, 2005). Slope failures (i.e., slumps, slides and debris flows) are also responsible for 
sediment transport down the continental slope and for modifying the slope bathymetry, which 
also affects the deposition of subsequent flows (Jansen et al., 1987; Mulder and Cochonat, 1996; 
Bøe et al., 2000; Moscardelli et al., 2006). 
 Large-scale controls on marine depositional systems include tectonic setting, sediment 
supply, and relative and eustatic sea-level changes. However, the tectonic setting of a basin can 
control the final depositional package from shelf margin to basin floor because it influences 
plate configurations, basin morphology, uplift and subsidence rates, local sea-level fluctuations, 
continental shelf widths, slope gradients, sediment supply, and drainage patterns (Reading and 
Richards, 1994; Stow et al., 1985) therefore, identifying unique signatures of each individual 
control is difficult and may not be possible. 
 Active and passive margins have fundamental differences that control sediment 
deposition. Harris and Whiteway (2011) studied the global distribution of 5,849 submarine 
canyons in both active and passive continental margin settings. They noted that active continental 
margins differ from passive margins in that they have steeper and shorter canyons that are more 
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closely spaced together that develop off the mouths of rivers and have high rates of sediment 
transport to the shelves and slopes though erosive turbidity currents. Their results indicated that 
globally active continental margins contain 15% more canyons than passive margins. 
 In passive margin settings, such as the Gulf of Mexico, the eastern coast of North and 
South America, and the western coast of Africa large, broad continental shelves contain some 
of the thickest sediment packages (Divins, 2003). Fewer river inputs occur in passive margins, 
therefore, a decrease in sediment supply can result in widespread condensed sections. Seismic 
activity is rare, and thick sediment packages can create very large mass transport deposits when 
there is a slope failure (Stow, et al., 1985). 
 The Juncal Formation on the PMFB was deposited in an active, convergent margin, 
forearc setting. In this setting, frequent tectonic activity limits periods of fan growth and results 
in irregularly shaped fans and thin slope aprons that are subject to mass failures and slumping 
(Miall, 2000). Multiple drainages tend to develop out of the uplifted orogenic belts and narrow 
shelves and steep slope gradients bring the feeder systems closer to the deep-water settings 
(Reading and Richards, 1994). The relatively short distance between shelf and deep-water 
settings can result in rapid facies changes both vertically and laterally (Fildani et al., 2002).
 Each slope system is unique, so ancient and modern slope systems cannot be directly 
compared in their entirety, but studying outcrop-scale sedimentary architectures provides new 
information on slope systems, processes and principles. Additional studies on ancient slope 
system deposit outcrops would provide new individual component analogues for application 
toward modern slope systems. Even with different tectonic settings, comparisons between 
topographically rough active margin slopes and minibasins created on a salt-intruded passive 
margin can be made, therefore this study can have applications to slope deposition in a variety 
of settings around the world. Outcrop-scale data could also provide detailed information on the 
systems, processes and principles otherwise absent in seismic data. 
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1.1 Purpose and Objectives
 The purpose of this study is to compare two adjacent, well-exposed continental slope 
systems in the Juncal Formation on the Pine Mountain fault block (PMFB) (Figure 2). High-
resolution outcrop-scale stratigraphic mapping and benthic foraminiferal data indicate that these 
two slope systems in the study area are coeval. The same facies are present in both systems with 
varying abundances; yet, they differ in body geometries and architectural elements (Dykstra 
et al., 2011). A main focus of this study seeks to determine how these differences relate to the 
depositional evolution of these adjacent systems of the Juncal Formation exposed in the PMFB. 
 The following questions outline objectives for this study:
1) How do the lithofacies, body geometries, and architectural elements differ in occurrence, 
abundance, and scale between the two systems? 
2) Are there lateral and vertical changes in sediment bodies and in interpreted depositional 
processes through the Juncal Formation? 
3) Are the lithofacies and architectural elements diagnostic of an ancient slope environment? 
4) What are the controls on sediment deposition laterally and vertically through the Juncal 
Formation? 
 Excellent outcrop exposures in the study area provide unique outcrop-scale controls 
on stratigraphic architecture development and fill-style evolution that are used to analyze, test, 
and compare between these slope systems. This study aims to compare adjacent coeval slope 
systems, with different interpreted allogenic and autogenic forcing mechanisms, to determine the 
impact of the controls on stratigraphic architecture. 
 It is hypothesized that the differing depositional lithofacies and architectures were largely 
controlled by sediment supply and local accommodation influenced by slope topography and 
slope position, and to a lesser extent, tectonic and sea level fluctuations. 
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1.2 Terminology
In this study the following terms and acronyms are used:
WTR- Western Transverse Ranges
PMFB- Pine Mountain fault block
ESS- Eastern Slope System
WSS- Western Slope System






2.1 Location of Study
 The study area lies in the Pine Mountain fault block (PMFB) in southern California, 
approximately 60 km northeast of Santa Barbara and approximately 70 km south of Bakersfield 
in the Southern Coast Ranges (Figure 1). Eocene marine deposits are well exposed in the steep 
terrain. The study area is bounded on the north by the Big Pine fault and the south by the Pine 
Mountain fault, and covers approximately 300 square kilometers of rugged topography within 
the Sespe Wilderness of the Los Padres National Forest. The study area provides access to 
abundant outcrops of the Eocene Juncal Formation strata, well exposed along depositional strike 
in uplifted, deeply incised, mountainous terrain.
2.2 Regional Tectonics 
 Forearc sediments of Cretaceous to Eocene age were deposited in the paleo-Pacific Ocean 
off the coast of present southern California during active subduction of the Farrallon plate and 
Monterey microplate beneath North America (Stock and Molnar, 1988; Nicholson, et al., 1994). 
During the Eocene Epoch, from 53-47 Mya, slab rollback of the Farrallon plate resulted in 
rapid uplift rates as much as 0.60 mm/yr from present-day Wyoming to California as an influx 
of asthenosphere intruded beneath the North American plate (Fan and Carrapa, 2014; Smith et 
al., 2014). In the Oligocene Epoch, roughly 28 Mya initiation of the transform boundary began 
(Atwater, 1989). Finally, in the Miocene Epoch, approximately 18 Mya, a crustal block adjacent 
to the present San Diego coast separated and rotated clockwise approximately 90 degrees, 
creating the Western Transverse Ranges (WTR) and Channel Islands exposed along the modern 
Santa Barbara and Ventura coast (Reed and Krause, 1989; VonderLinden, 1992; Whidden, 1994; 
Onderdonk, 2005) (Figure 3).
 The Santa Ynez fault (Figure 1-B) was originally interpreted to be the northern boundary 
of this rotated crustal block, separating the WTR from the Coast Ranges (VonderLinden, 1992) 
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(Figure 4). However, Onderdonk (2005) determined that there was no clear-cut boundary 
juxtaposing the two ranges, but rather a transitional zone characterized by fan-like transtentional 
and transpressional folding and faulting that formed during the tectonic suturing event emplacing 
the WTR onto the paleo-coast of California. This transition zone is bounded by the Santa Ynez 
fault to the south and the Big Pine/Pine Mountain faults to the north (Onderdonk, 2005) (Figure 
4). Support from paleomagnetic studies by Onderdonk (2005) suggests no significant rotation 
in the Southern Coast Ranges, rotation from 30 degrees to 75 degrees in the transition zone, 
and an average of 90 degrees of rotation in the WTR. Paleocurrent directions from imbricated 
conglomerates south of the Santa Ynez fault trend to the north and could have been deposited 
by west-flowing currents once the roughly 90 degree rotation is taken into account (Reed and 
Krause, 1989).
 This investigation focuses on a section of the Juncal Formation located north of the 
transitional boundary between the WTR and Coast Ranges, between the Pine Mountain and 
Big Pine faults, referred to as the Pine Mountain fault block (PMFB) (Figure 4). New field data 
collected in this crustal block suggest an average paleocurrent direction of approximately 228° 
based on the orientations of imbricated conglomerate clasts, ripples, flutes and 3D foresets 
(Tables 2 and 3). This paleocurrent orientation supports the lack of crustal-scale rotation north of 
the Pine Mountain fault. 
2.3 Stratigraphy
 This section presents the regional and local stratigraphy and the local geologic setting for 
the Juncal Formation in the PMFB. 
2.3.1  Regional Stratigraphy 
 The Transverse and Coast Range region is significant because it preserves a Cretaceous-
Cenozoic sedimentary unit in about 13 km of section that contains major transgressive and 
regressive depositional packages (Dibblee, 1987) (Figure 5). Of the entire unit, comprising the 
Sierra Blanca Limestone (Cretaceous), Juncal Formation (Middle Eocene), Matilija Formation 
(Middle Eocene), Cozy Dell Formation (Late Eocene), Coldwater Formation (Late Eocene-
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Oligocene) and Sespe Formation (Oligocene), two major transgressive-regressive sequences 
have been identified: the Juncal-Matilija, and the Cozy Dell-Sespe (Stauffer, 1967; VandeKamp, 
1974) (Figure 5). There is a general lack of Paleocene rocks in the region that may be related 
to the Late Cretaceous-Early Eocene uplift resulting in non-deposition or erosion of Paleocene 
rocks (Wahrmund, 1993; Campion et al., 1996). These formations are overlain by terrestrial 
volcanic and marine Miocene through Pleistocene units that were deposited after the WTR 
rotated (Dibblee, 1982).
2.3.2 Local Stratigraphy
 Although regionally the Juncal Formation outcrops unconformably overlie the Cretaceous 
Sierra Blanca Limestone, locally in the PMFB, the Juncal Formation unconformably overlies 
the Mesozoic Whitaker Peak granodiorite (Link, 1975; Thompson, 1987; Yamashiro, 1989). 
Regionally and locally the Juncal Formation is gradationally overlain by the Eocene Matilija 
Formation (Figure 5). 
2.4 Local Geologic Setting 
 This study concentrates on variability within the portion of the Juncal Formation bounded 
by the Pine Mountain and Eastern Big Pine faults in the PMFB (Figure 2). The Eastern Big 
Pine fault was originally interpreted as a continuous fault, changing dip direction from south- to 
north-dipping at the junction with the Pine Mountain fault (Figure 4) (Hill and Dibblee, 1953). 
Onderdonk (2005) determined that the Western Big Pine fault splays into the Pine Mountain fault 
system, as a north-dipping, 30-50 degree, reverse fault (Figure 4). The younger west-northwest 
striking, south-vergent Pine Mountain fault complex truncates the older south-dipping, north-
vergent Eastern Big Pine fault (Figure 4). To the east, the Eastern Big Pine fault is continuous 
with the San Guillermo fault (Figure 4) (Onderdonk, 2005). Thrusting along the Pine Mountain 
and Eastern Big Pine faults uplifted and folded the area of interest into a regional synclinorium 
exposing the Juncal Formation strata on the outer limbs of the fold (Figure 2). The PMFB forms 
a triangular zone, within which the Juncal Formation is relatively undeformed and is only offset 




 The type section of the Juncal Formation, first defined by Page et al. (1951), is an outcrop 
in the Santa Ynez River valley approximately 30 km southwest of the Pine Mountin fault block 
(PMFB) (Figure 4). There, the basal and uppermost members of the Juncal Formation are 
dominated by silty mudstone, whereas the middle Camino Cielo member is primarily sandstone, 
and has been interpreted as deposits of a regressing Middle Eocene sea (Page et al., 1951). 
 Dibblee completed initial reconnaissance and mapping of the area in the 1940’s and 
1950’s followed by detailed geologic mapping though the 1980’s (Dibblee, 1979, 1985; Dibblee 
and Ehrenspeck, 1985, 1987; Dibblee and Minch, 2005, 2006). Minor (1999, 2004) produced 
USGS Open-File Reports for the Reyes Peak and San Guillermo geologic quadrangles in the 
study area. 
 Various aspects of the Juncal Formation, including facies relationships, environments 
of deposition, micropaleontology and sealing capacity of shales have been studied throughout 
the region (Schlee, 1952; Van De Kamp, et al., 1974; Howell, 1975; Bronson, 1986; Thompson, 
1987; Yamashiro, 1989; Obligado, 2003). Most of the previously studied Juncal Formation 
outcrops were south of the Santa Ynez fault in the rotated Western Transverse Ranges (WTR) 
(Figure 4). In these locations, many researchers interpreted the Juncal Formation as part of a 
submarine fan system, as reviewed below.   
 Van De Kamp, et al. (1974) studied facies relationships of the Eocene-Oligocene 
rocks in the Santa Ynez Mountains. Field studies were confined to a region from Ojai to Point 
Conception, California, south of the Santa Ynez fault (Figure 4). The Juncal Formation was noted 
to predominately consist of siltstone, with lesser components being three major sandstone lenses 
making up the Camino Cielo member of the Juncal, and some minor interbedded conglomerates. 
The siltstones, described as marine and turbidite mudstone facies, were interpreted as deposits 
from turbidity currents in outer neritic (≤ 250 m) to upper bathyal (250m-2000m) depths. The 
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Camino Cielo member sandstone lenses and interbedded conglomerates of the Juncal Formation 
have been described as proximal turbidite facies, and have similar dimensions to those described 
and interpreted as deep-water fans by Kruit, et al. (1972). Lateral, along-strike transitions from 
thick-bedded, coarser-grained deposits to thinner-bedded, finer-grained deposits were attributed 
to the distance from the source area, while the vertical transition from turbidites and marine 
mudstones to proximal turbidites was attributed to a regressive sea (Van De Kamp, et al., 1974).
 Howell (1975) looked at several regions of Eocene rock outcrops, mostly south of the Big 
Pine fault (Figure 4). A portion of his field study was focused in the southwestern portion of the 
current study area, and incorporated rocks from the Juncal Formation exposed in the area known 
as Mutau Flats (Figure 2). He noted three main facies in this region: 1) siltstone with minor 
sandstone, 2) massive sandstone, and 3) massive conglomerate. Facies 1, siltstones interbedded 
with arkosic sandstones, were mapped as the Juncal Formation and were interpreted as west- to 
southwest-flowing turbidite deposits. Facies 2, massive sandstones, were linked to the Matilija 
Formation. The conglomerates of Facies 3 were interpreted to be part of the Juncal Formation, 
suggesting a possible high-energy depositional environment, such as a paleo-submarine canyon 
or a channelized, upper-fan complex.
 Several students have written theses on various aspects of the Juncal Formation. Rocks of 
the previously studied field areas are almost entirely in locations south of the current study area, 
mostly interpreted as a submarine fan system. Bronson (1986) did her Master’s thesis research 
on the geology of the Mono Syncline of the San Rafael Mountains north of the Santa Ynez 
fault and south of the Pine Mountain fault, approximately 40km southwest of the current study 
area (Figure 4). Her study focused on Tertiary rock classifications from the Early Eocene Sierra 
Blanca Limestone through the Miocene Temblor Formation. Work on the Juncal Formation 
focused on macro- and microfossil assemblages, sedimentary structures, and lithologic 
descriptions, that indicated a transition from suprafan lobes to outer submarine fan depositional 
environment in middle to lower bathyal water depths. 
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 Thompson (1987) wrote a thesis on the Juncal Formation of the San Rafael Mountains 
25-30 km south of the current study area (Figure 4). Vertical sections were measured laterally 
and longitudinally across outcrop, which Thompson interpreted to be an outer submarine fan 
deposit where each sandstone body represents a depositional lobe complex. Channel fill deposits, 
represented by conglomerates and coarser sandstones, indicate that mid-fan channels prograded 
over their depositional lobes. Thompson (1987) also concluded that regional tectonics and 
reorganization of the Pacific Coast primarily controlled the onset of submarine fan deposition in 
the Juncal Formation and elsewhere, and that channel/lobe switching and eustatic sea level fall 
provided secondary controls.
 Yamashiro’s Master’s thesis research (1989) studied the Eocene deposits around Piru 
Creek, south of the Pine Mountain fault approximately 35km southwest of the current study area 
(Figure 4). Measured sections, microfossil analysis, and mapping led to the interpretation that the 
western outcrops of the Juncal Formation represent marine, offshore, fan-delta deposits, while 
the eastern outcrops represent backshore to foreshore facies. The overlying Matilija Formation, 
was interpreted to represent subaqueous delta plain, lower delta plain, and upper delta plain 
depositional environments within a tide-dominated delta. Yamashiro’s (1989) study is one of the 
only Juncal Formation examinations focusing on the more proximal facies, rather than the distal 
submarine mid- to outer-fan facies.
 Obligado’s (2003) Master’s research on the Juncal Formation utilized an outcrop along 
Highway 33 approximately 15km southwest of the current study area (Figure 4). He classified 
shale samples based on textural differences to determine how they affect the sealing capacity of 
shales. Additionally, he attempted to place the Juncal Formation within a sequence stratigraphic 
framework, interpreting the sediments as grain flow, turbiditic, and hemipelagic deposits of an 
outer fan deposited in an intraslope basin during a transgressive-regressive sequence. 
 Direct correlation of the deposits in this study area and the previously studied areas to 
the south was not achieved due to the complexities in creating a retrodeformation model of 
the PMFB; the complexities are imparted by the vertical axis rotation of the WTR, ambiguous 
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relative displacements along the San Andreas fault, and the polyphase tectonic deformational 
events that affect the region. However, comparisons between the current study area and the 
previously studied locations may provide examples of how the Juncal Formation changes from 




 Fieldwork for this project was carried out over a two-week reconnaissance trip in April 
2009, a two-week trip in July 2009, an eight-week trip from mid-May to mid-July 2010, and 
a six-week trip from August to mid-September 2011. This study employed multiple field-
based methods to analyze the changes between the Western Slope System (WSS) and Eastern 
Slope System (ESS) in the study area. Geologic quadrangle maps from Dibblee et al. (Dibblee, 
1979, 1985; Dibblee and Ehrenspeck, 1985, 1987; Dibblee and Minch, 2005, 2006) covering 
approximately 300 km2 of rugged terrain, were used as base maps and updated in key areas of 
interest in Wagon Road Canyon (WRC) and Grade Valley (GV) at high-resolution (1:10,000) 
following bed contacts. Lateral changes through the systems were recorded, and these were used 
to interpret changes in depositional environments. Satellite images from the USGS and Google 
Earth aided in mapping inaccessible areas. 
 Ten detailed sedimentary logs (Appendices 1 and 2) representing 2,322m of logged 
section were compiled from multiple stratigraphic sections through both systems at 5-10cm scale 
resolution, noting changes in grain size, sedimentary structures, bed thicknesses, frequencies 
of lithofacies, attitudes, trace fossils, and actual paleocurrent directions from 44 paleocurrent 
measurements (Tables 2 and 3). This study used the Wentworth (1922) scale for grain size (Table 
4) and the scheme of Stow (2005) for bed thickness (Table 5). Lithofacies and architectural 
elements were interpreted to determine the depositional processes and environments and to refine 
the stratigraphic framework (Figures 6, 7, and 8; Tables 6 and 7). Detailed photomosaics were 
constructed of selected outcrops (Figures 9-22) to interpret changes in internal architectures, 
external geometries of sedimentary bodies, and vertical units, and to record lateral changes in 
beds (e.g., facies changes, erosionally bounded beds, onlapping features, etc.). 
 Kristin McDougall at the USGS in Flagstaff, Arizona, conducted the biostratigraphic 
analysis of 34 field samples to constrain the age range and water depths throughout the field 
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area (Figures 5, 23, and 24; Table 1). Biostratigraphic data was also used to interpret the slope 
position of the two Juncal Formation systems on the PMFB. The slope angle from the ESS 
over to the WSS was calculated using water depths based on benthic foraminiferal data and an 
average distance of 19km between the two systems. For the WSS, a range of 500-1500m-water 
depth was used and a range of 150-500m was used for the ESS. Three angles were calculated 
using the upper, middle and lower range of depths for each system (Table 8). 
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CHAPTER 5
STRATIGRAPHIC ANALYSIS OF THE JUNCAL FORMATION
5.1 Data and Results Overview
 This chapter contains the database and its analyses to reconstruct the stratigraphic history 
of the Juncal Formation on the Pine Mountain fault block (PMFB). The following brief preview 
is offered to orient the reader to the data and how it was used. 
 The Middle Eocene Juncal Formation is predominantly comprised of mudstone, 
punctuated by distinctive conglomerates, sandstones, siltstones, and mass-transport deposits 
(MTDs). Two main slope systems identified in the study area appear to be relatively coeval, 
based on mapping of correlation markers and biostratigraphic data (Figure 2). Ten stratigraphic 
logs document ten separate sedimentary facies that are combined into five architectural elements 
which were used to divide the Juncal Formation into four stratigraphic units outlined on geologic 
maps and satellite images (Figures 2, 6, 7, 8, and 25; Tables 6 and 7; Appendices 1 and 2). 
 Laterally, the grain-size populations and architectural elements of the individual adjacent 
systems differ. The physical stratigraphy in the field area is well exposed, and unit contacts were 
walked out or traced using satellite imagery. The four unit boundaries are discriminated based 
on abrupt vertical changes in lithofacies over a regional extent (i.e., a change from dominantly 
mudstone sheets to dominantly channels or sandstone lobes). In the lower two units of the Juncal 
Formation, mudstones are much more abundant and comprise a larger portion of the units’ 
sedimentary lithofacies. However, in the upper two units, sandstones become much thicker and 
laterally continuous and comprise a larger volume of the lithofacies. Vertically, the lower three 
units follow an overall thinning-upward and fining-upward pattern from conglomerate-filled 
channels or sandstone lobes to mudstone sheets. The upper unit follows an overall thickening-
upward trend as thick sandstone lobes and sheets grade into the overlying Matilija Formation. 
 The Western Slope System (WSS) has an abundance of mudstone-sheet elements and 
thin, lenticular sandstone and siltstone beds in the lower portion of the formation, and thick 
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sandstone lobe elements overlying small erosional channel and gully elements or MTD elements 
in the upper portion of the formation and a lack of any large, feeder slope channels. In this 
study slope ‘gullies’ are defined as ‘very small channels that are on the order of one to several 
meters deep’ where as slope ‘channels’ are defined as ‘larger features that are tens to hundreds 
of meters deep’ based on the definitions by Field et al. (1999). The Eastern Slope System (ESS) 
consists of confined, conglomeratic channel elements and sandstone-sheet elements in the lower 
portion of the formation, and thick-bedded amalgamated sandstone sheet and lobe elements and 
MTD elements in the upper portion of the formation. In addition to the textural and architectural 
differences, the size and abundance of MTDs differs between the systems, with smaller MTDs in 
the WSS and fewer, larger MTDs in the ESS. 
5.2 Biostratigraphic Data
 Thirty-four hand samples were collected in the field area for biostratigraphic analysis of 
benthic foraminifera performed by Kristin McDougall at the USGS in Flagstaff, Arizona (Figures 
5, 23, and 24; Table 1). Very few pelagic clay layers exist through the Juncal Formation on the 
PMFB, so samples collected were mostly silty mudstones. Ages of the benthic foraminifera 
in the WSS are Early to Middle Eocene (54.5-42.5 million years), based on the California 
benthic foraminiferal Penutian to Ulastisian Stages and correlative planktic foraminiferal 
zones P6-P11 refered to by McDougall (2008) (Figure 5; Table 1). Only one sample contained 
foraminifera from the P6 zone, and it occurs with younger species and therefore is interpreted as 
reworked from older sediments. Ages of the benthic foraminifera in the ESS are Middle to Late 
Eocene (49.5-35.5 million years), Ulastisian to Narizian Stages, and are coeval with planktic 
foraminiferal zones P10-P15 (Figure 5; Table 1). Disregarding the one sample with older 
foraminifers places the oldest sediments in the WSS and ESS at 49.5my.
 Depths associated with the benthic foraminifera found in the study area range from 1500-
2000m (lower-middle bathyl) at the base of the Juncal Formation to 500-1500m (upper-middle 
bathyl) in the middle of the section to <150-500m (shelfal to bathyl) at the top of the section 
(Figure 5; Table 1). Additionally, apparently in situ oysters and gastropods occur just below 
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the Matilija Formation contact suggesting the uppermost Juncal Formation at that locality was 
deposited close to sea level (Squires, 1987). 
5.3 Sedimentary Lithofacies 
 Sedimentary lithofacies descriptions and interpretations are the first steps in the analysis 
of the deep-water depositional framework. The definition of facies used here is based on 
Mutti and Ricci Lucchi (1975): ‘a bed or a group of beds showing lithologic, geometric, and 
sedimentologic characters, which are different from those of adjacent beds. A facies is considered 
to be the product of a specific depositional mechanism or several related mechanisms acting 
at the same time.’ Ten sedimentary lithofacies are identified based on grain size, grain sorting, 
sedimentary structures, clast content, matrix, bioturbation intensity and style, bedding thickness, 
bedding contacts, and lateral extent. These lithofacies are described and depositional processes 
and flow type are interpreted and used to categorize the resulting depositional architectural 
element (Figures 6, 7, and 8; Tables 6 and 7). 
5.3.1 Lithofacies 1- thinly-laminated to structureless mudstone
 Description: Lithofacies 1 consists of thinly laminated, silty mudstone in successions 
measured as much as 181m thick, present in both the WSS and ESS (Figure 6; Table 6). 
Laminations may be partially to completely overprinted with bioturbation, and some burrows 
are sand-filled where a sandstone bed is present above the muddy bed (Figure 26-A). Where 
bioturbation is absent, coaly organic matter may define the laminations. Starved ripple trains 
in upper portions of beds, concretions, and floating pebbles are dispersed throughout, although 
all are rare. Sparse, well-cemented zones of laterally discontinuous mudstone form resistant 
ridges throughout outcrops containing this lithofacies. Lower bounding surfaces are planar, and 
overlying beds may erode upper bounding surfaces. Rarely, mudstones may grade into overlying 
sandstone beds. Mudstone beds are laterally continuous for hundreds of meters through the 
outcrops, up to kilometers through the field area (Figure 9).
 Interpretation: Deposition is interpreted to be by a combination of mechanisms, including 
suspension settling of hemipelagic muds, dilute turbidity currents, and the tails of larger-
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magnitude turbidity currents (Talling et al., 2004; Amy et al., 2005; Amy and Talling, 2006). The 
presence of scours, lags, and dispersed floating pebbles are interpreted as bypass indicators.
5.3.2	 Lithofacies	2-	plane	to	ripple	laminated	and	stratified	sandstone
 Description: Lithofacies 2 occurs as well-sorted, thinly-laminated to thinly-bedded, 
fine- to medium-grained sandstones present in both the ESS and WSS. Beds are up to 5m thick 
(Figure 6; Table 6). Beds are internally parallel laminated throughout, but some exhibit an 
upwards transition to wavy or ripple laminations in the upper portions (Figure 26-B). Where 
present, both uni- and bi-directional ripples may occur. Rare flame and dish and pillar structures 
occur in some beds, and rare dispersed granules appear throughout the beds. Coaly, terrestrial, 
derived organic matter appearing as coffee grounds occurs along laminated surfaces (Figure 26-
F). Paleocurrents from ripples average toward 253° (Tables 2 and 3). Lithofacies 2 occurs as beds 
bounded above and below by mudstones of Lithofacies 1 and also as thick packages of stacked, 
well-laminated and stratified sandstones without interbedded mudstones. Both lower and upper 
bounding surfaces are planar, and beds are laterally discontinuous as convex-upwards mounds 
(Figure 10). 
 Interpretation: Occurrences of Lithofacies 2 overlain by Lithofacies 1 are interpreted 
to be by surge-like, low-density turbidity currents (e.g., Mulder and Alexander, 2001) and may 
represent base-absent Bouma sequences. The basal boundaries are sharp and lack tool marks, 
flute marks, or load casts indicating that the flows were relatively low-energy and non-erosive. 
Alternatively, these deposits may represent finer-grained tails of turbidity currents or debris flows 
and suggest that a moderate to significant amount of sediment has bypassed down slope (Stow 
& Piper, 1984; Ghibaudo, 1992). Lower-flow-regime traction and suspension sedimentation is 
responsible for the planar laminations and stratifications in the medium-grained deposits, and 
rippled lamination and stratification in the fine-grained deposits. Bi-directional ripples, although 
extremely rare, may represent tidalites described by Dykstra (2011). Common organic particles 
suggest a fluvial input (Mellere et al., 2002). Paleocurrents from 2D and 3D ripples average 
toward 253°, WSW, which supports Onderdonk’s (2005) interpretation of no rotation of the 
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PMFB (Figure 4). 
5.3.3  Lithofacies 3- interbedded laminated sandstone and mudstone
 Description: Lithofacies 3 is characterized by moderately well-sorted, thinly- to thickly- 
laminated mudstones and very-fine to fine-grained sandstones that are interbedded in packages 
up to 7m thick present in both the ESS and WSS (Figure 6; Table 6). Fine sand and silt divisions 
are lenticular and commonly discontinuous or may appear as single starved ripple sets (Figure 
26-C). Laminations are planar to rippled and may be deformed by bioturbation or defined by 
organic matter. This lithofacies is often overlain and underlain by mudstones of Lithofaices 1. 
Upper and lower contacts may be sharp or intervals may gradually grade into the overlying beds. 
Beds within this lithofacies are laterally continuous and sheet-like, but individual silt and sand 
lenses and lamina are discontinuous (Figure 10). 
 Interpretation: Lithofacies 3 is a finer-grained version of Lithofacies 2 and is interpreted 
to be the product of dilute turbidity currents. These deposits lack scours and erosive bases, 
indicating that the flows were low-energy at the time of deposition. Starved ripple sets suggest 
the currents were from a waning flow. Common terrestrial-derived organic matter suggests a 
fluvial input (e.g., Mulder and Alexander, 2001; Mellere et al., 2002). 
5.3.4	 Lithofacies	4-	thick-bedded,	cross-stratified	sandstone
 Description: Lithofacies 4 occurs as moderately well-sorted, medium- to very-thickly 
bedded, medium-grained to granular sandstone with ripple- to dune-scale tabular and trough 
cross stratification in beds up to 8m thick, and is present in both the WSS and ESS (Figure 
6; Table 6). Where exposed, paleocurrent measurements on foresets averaged toward 179° S 
(Tables 2 and 3). Mud rip-up clasts and organic-rich laminae occur along foresets (Figure 26-
F), and very coarse to granular sized grains are rarely dispersed throughout the beds. Beds may 
change from cross stratified in the lower portion to plane bedded in the upper portion and may 
have rare amalgamation surfaces cutting down through beds. Individual beds are normally 
graded. This lithofacies generally overlies and underlies structureless sandstones of Lithofacies 
5 or other cross-stratified sandstones of Lithofacies 4. Lower bounding surfaces are erosional to 
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planar and upper bounding surfaces are planar, but may be eroded by overlying beds. Beds are 
laterally discontinuous with a mounded to sheet-like geometry (Figures 8, 12, 13, and 26). 
 Interpretation: Normal grading within the beds of Lithofacies 4 suggests waning flow 
deposits. Amalgamated beds are interpreted as deposits in the axis of a channel or fan, where 
numerous flows were focused, leading to extensive amalgamation. Paleocurrents averaging 
toward 179° S support Onderdonk’s (2005) interpretation of a lack of rotation in the PMFB 
(Figure 4) and a down slope flow parallel to slope direction. The stacking of Lithofacies 4 
and Lithofacies 5, which are both interpreted as high-energy lithofacies (Appendices 1 and 2), 
indicates that the depositional environment was continuously reworked. A lack of bioturbation 
supports this interpretation. 
5.3.5 Lithofacies 5- thick-bedded, structureless to plane-parallel laminated sandstone
 Description: Lithofacies 5 is characterized by poorly sorted, thin- to very-thickly bedded, 
structureless to plane-parallel laminated, medium- to very coarse-grained sandstones up to 8m 
thick present in both the WSS and ESS (Figure 6; Table 6). Beds are generally structureless 
in the lower portion but may have faint parallel laminations, dispersed granules to cobbles 
and mud rip-up clasts. Although usually ungraded, beds may fine slightly and have parallel 
laminations, current ripples, mud rip-up clasts along discrete surfaces, and fluid escape structures 
such as flame structures and dish and pillar structures and sand dikes (Figure 26-E). The lower 
bounding surfaces are commonly planar with tool marks, flute casts, and load structures filled 
with granules and pebbles. The upper bounding surface is planar and may be eroded into by 
the subsequent bed. This lithofacies generally overlies conglomerates of Lithofacies 7 and 8, 
chaotic beds of Lithofacies 10, and is overlain by debrites of Lithofacies 9, other sandstones of 
Lithofacies 4, 6, or 7, or mudstones of Lithofacies 3. Ophiomorpha trace fossils are rare in the 
upper portions of beds. Paleocurrents from flute and tool marks average toward 231° SW (Tables 
2 and 3). Beds are laterally discontinuous with a sheet-like to mounded geometry (Figures 8, 12, 
13, and 26). Soft-sediment deformation and mud-clast concentration is localized within the beds. 
 Interpretation: The structureless character of Lithofacies 5 suggests rapid suspension 
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sedimentation with a high fall-out rate from high-density turbidity currents (Kneller and Branney, 
1995) or en masse freezing of sandy, non-cohesive debris flows (e.g., Mulder and Alexander, 
2001). Tool and flute marks on the basal surfaces indicate that the flows were highly erosive 
and likely responsible for the erosion and inclusion of mud rip-up clasts. The planar to ripple 
laminated upper portion is likely formed as a turbulent flow waned and traction sedimentation 
began to develop. Subsequent loading by overlying sediments is responsible for the formation of 
fluid escape structures in the upper portions. The rare Ophiomorpha suggests these sandstones 
are in axial deposits, as Ophiomorpha are uncommon outside of levee crests in deep-water 
settings (Callow et al., 2013). Paleocurrent measurements from basal tool and flute marks 
averaging toward 231° SW support Onderdonk’s (2005) interpretation of a lack of rotation in the 
PMFB. Lithofacies 5 appears in conjunction with the conglomeratic Lithofacies 7 and 8, other 
sandy structured Lithofacies 3 and 4, and may overlie chaotic beds of Lithofacies 10. Where they 
underlie debrites of Lithofacies 9, they are interpreted as the turbiditic portion of a “co-genetic 
turbidite-debrite” (sensu Talling et al., 2004) with the upper debrite termed a “linked debrite” as 
described by Haughton et al., (2003). 
5.3.6 Lithofacies 6- thick-bedded, structureless sandstone with pebble to cobble layers
 Description: Lithofacies 6 is characterized as a moderately sorted, medium- to very- 
thickly bedded, medium- to very coarse-grained sandstone with pebble to cobble layers along 
discrete horizons in packages up to 11.5m thick, present in both the ESS and WSS (Figure 
6; Table 6). Rounded, pebble to cobble sized concretions also occur along discrete horizons, 
separate from the pebble/cobble layers, and coaly organic matter lines foresets and laminations 
within the sandstone (Figure 26-F). Faint laminations and scours are rare throughout the beds, 
and the scours are filled with pebbles or mudclasts. Beds are highly amalgamated. Injections of 
mudstone with floating cobbles (Figure 26-J) rarely appear on sharp bounding surfaces. Beds 
of Lithofacies 6 are underlain and overlain by other beds of the same lithofacies, and rarely 
mudstones or interbedded mudstones and sandstones of Lithofacies 1 and 3. Individual beds 
are laterally discontinuous, but the sandstone packages are quite thick and exhibit a sheet-like 
23
geometry extending hundreds of meters across the outcrops (Figure 20). 
 Interpretation: Lithofacies 6 is interpreted as deposits of unsteady, high-density turbidity 
currents. A single flow may have phases of erosion and deposition, or successive, high-frequency 
flows may repeatedly erode and deposit resulting in sharp grain size breaks described above and 
recognized as “traction carpet” deposits of Lowe (1982) (Figure 6). Highly amalgamated beds 
with pebble-filled scour surfaces suggest an active depositional environment with continuous 
erosion and deposition (Figure 20). The individual event beds are laterally discontinuous (tens 
of meters), but the abundance and thickness of the amalgamated sheet-sandstone bodies suggests 
that sand was transported and then deposited in accommodation and then partially eroded by 
subsequent bypassing flows. Coaly, terrestrial-derived organic matter indicates fluvial sediment 
input (Mellere et al., 2002).
5.3.7 Lithofacies 7- matrix-supported conglomerate
 Description: Lithofacies 7 occurs as a medium to very-thick bedded, poorly sorted, 
matrix-supported pebble to cobble conglomerate in a matrix of mud, sand and gravel in packages 
measured up to 22.5m thick (Figure 6; Table 6). These deposits almost exclusively occur in 
the ESS, although there are rare matrix-supported conglomeratic beds in the WSS localized in 
0.5-m-thick to 3-m-thick beds (Figure 26-G). Pebbles and cobbles are mostly extraformational 
meta-sedimentary and igneous clasts, although large intraformational mud clasts are present. 
Overall, beds lack clast fabric, but some beds have normal or reverse grading and rare pockets 
of clast support with much larger clasts. Beds have sharp lower bounding surfaces and upper 
bounding surfaces may be eroded by overlying beds. Rarely, the conglomerates grade upward 
into sand. Conglomerate beds are laterally discontinuous, highly amalgamated, and exhibit 
channel-like geometries in the ESS and mound-like geometries in the WSS (Figures 7, 16, 19, 
and 26-G). 
 Interpretation: Deposition of matrix-supported conglomerates are interpreted to be by 
cohesive freezing from a laminar cohesive debris flow or traction to suspension sedimentation in 
a high density turbulent flow (Lowe, 1982) depending on the mud content and cohesive nature of 
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the matrix surrounding the clasts. Non-cohesive, high-density turbidity currents may transform 
from cohesive flows as they move downslope, which allows the flow to mix with the ambient 
fluid. In the bottom of the flow, larger grains may diffuse upwards forming an inversely graded 
layer that freezes, followed by suspension sedimentation of the remaining flow (e.g., facies R2 
and R3 of Lowe, 1982). Alternatively, there may be a transport lag in the coarser grain fraction 
so the smaller grains arrive at a particular depositional point ahead of the larger grains, resulting 
in an inversely graded layer (Hand, 1997). Lobate pockets of clast-supported conglomerate 
encased within matrix-supported conglomerate may be due to subaqueous sieving of the matrix 
as described by FitzGerald and Gorsline (1989). Hyperconcentrated sediment gravity flows 
deposit the coarsest load due to reduction in slope, incorporation of water into the flow, or 
change in topography, and the matrix is winnowed from around the clasts. 
5.3.8 Lithofacies 8- clast-supported conglomerate
 Description: Lithofacies 8 is medium- to very-thick bedded, poorly sorted, clast-
supported pebble to cobble conglomerates up to 8.5m thick in a matrix of mixed mud, sand and 
gravel (Figure 6; Table 6) with rare outsized clasts up to boulder size. This lithofacies occurs 
exclusively within the ESS. Basal bounding surfaces are sharp and commonly overlie and 
underlie coarse to very coarse pebbly sandstones (Figure 26-H) or matrix-supported pebble 
and cobble conglomerates. Conglomerates exhibit both normal and reverse grading and well-
developed clast fabrics are present, commonly with imbricated clasts. Paleocurrents from clast 
imbrication groups (A-axis transverse, B-axis imbricated) average toward 219° SW (Tables 2 
and 3). Conglomerate beds are laterally discontinuous and are commonly amalgamated within a 
channel-like geometry (Figures 7, 16, and 19). 
 Interpretation: Clast-supported conglomerates lack the cohesive support of a muddy 
matrix. Clast-to-clast dispersive pressures of pebbles and cobbles in grain flows (Lowe, 
1976, 1982) or non-cohesive debris flows (Amy et al., 2007) can result in a clast-supported 
conglomerate. Alternatively, turbidity currents may carry a bedload through tractional transport 
depositing the coarse sediment by frictional freezing. The bedload grains can become imbricated 
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which allows a paleocurrent to be inferred. Paleocurrents from imbricated clasts average toward 
219° SW, which supports Onderdonk’s (2005) conclusions of a lack of rotation in the PMFB. 
5.3.9 Lithofacies 9- clast-rich muddy sandstone 
 Description: Lithofacies 9 consists of poorly sorted, clast rich muddy sandstones 
up to 12m thick (Figure 6; Table 6). Igneous extraformational clasts up to boulder size and 
intraformational mud rip-up clasts up to boulder size (Table 4) are supported in a mud to sand 
matrix (Figure 26-I). This lithofacies is structureless and ungraded and underlies graded to 
rippled sandstones or rarely, laminated mudstones. Lower bounding surfaces are planar and 
upper bounding surfaces can be planar or gradational to irregular. 
 Interpretation: Deposition of Lithofacies 9 is interpreted to be from cohesive to frictional 
freezing of slumps and slides, cohesive debris flows, or granular flows, likely from the upper 
slope to outer shelf or channel margins. Well-rounded, extraformational, igneous clasts are 
likely brought to the shelf by fluvial sources and originate from the underlying Whitaker Peak 
granodiorite, further suggesting that the sediments in this lithofacies are sourced from unstable 
upper slope to shelf edge deposits (Cronin, et al., 1998). Rounded and laminated intraformational 
mudclasts suggest that the flows were erosive into the underlying or adjacent to somewhat 
lithified sediments. The structureless and ungraded nature of the lithofacies suggests that the 
deposit was not turbulent and was deposited en masse (Jackson, 2009), and is interpreted as a 
debrite. Irregular upper bounding surfaces indicate that at least some of the deposits created a 
rough seafloor topography that ultimately controlled the subsequent deposition of overlying 
sandstone and mudstone beds. 
5.3.10 Lithofacies 10- chaotic beds
 Description: Lithofacies 10 consists of contorted and folded beds of intraformational 
material with siltstone and sandstone rafts up to 15m long encased in a mud to medium-grained 
sand matrix present in both the WSS and ESS. Documented examples are as much as18m thick 
(Figure 6; Table 6; Appendix A- 1). Boudinaged sandstone beds with pinch and swell features 
are common in the thicker deposits (Figure 26-J). Lower bounding surfaces are planar and upper 
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bounding surfaces are highly irregular. Deposits extend for 10s of meters and thin abruptly 
towards the margins of the bed. 
 Interpretation: Deposition is interpreted to be from frictional freezing of a slump or 
slide of semi-lithified material deformed during movement down the slope. The largest slump or 
slide blocks are up to 10s of meters thick and are likely derived from the unstable shelf edge or 
upper slope. The uneven upper surface of these slump and slide blocks created enough seafloor 
topography to trap subsequent turbidity currents and can cause local ponding of sediments until 
the slope topography was healed. 
5.4 Architectural Elements
 Lithofacies descriptions and interpretations are combined with body geometries and 
bounding surfaces to form interpreted architectural elements, defined by Pickering et al. (1989) 
as ‘an interpretive characterization of a sedimentary feature distinguished on the basis of its 
geometry, scale, and facies.’ Pyles (2007) expanded on this definition, removing lithofacies as a 
defining characteristic because the same lithofacies may appear in more than one architectural 
element. He defined an architectural element as ‘a mesoscale lithosome (>1m thick, >20m wide) 
characterized by its external shape in a depositional-strike view that forms the fundamental 
building block for larger stratigraphic units, including parasequences, systems tracts, and 
sequences.’ This concept combined Brookfield’s (1977) hierarchy of body boundaries with 
Allen’s (1983) fluvial bounding surfaces, Miall’s (1985) hierarchy of fluvial depositional units, 
and Pickering et al’s (1995) 2-D and 3-D deep-water sedimentary body analysis to develop the 
architectural elements of deep-water systems discussed by Stow et al. (1996), Stow and Mayall 
(2000), and Sprague et al. (2002) among others. Modern and ancient deep-water deposits have 
been classified using an architectural element hierarchy (e.g. Mutti and Normark, 1987; Ferguson 
et al., 2003; Posamentier and Kolla, 2003; Anderson et al., 2006; Amy et al., 2007; Pyles, 2007; 
Hubbard, 2008; May and Warme, 2007; Stow and Mayall, 2000; Prelat et al., 2009; Romans et 
al., 2011). Classifying sedimentary bodies into basic, interpretive three-dimensional architectural 
elements allows for single aspects of ancient slope outcrop studies to be used as analogues in 
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modern seismic-scale deep-water studies (Clark and Pickering, 1996; Pyles et al., 2010). Five 
architectural elements have been identified within the field area: gully and channel bodies, lobes, 
mudstone sheets, sandstone sheets, and MTDs, and each contain one to several of the previously 
described lithofacies (Figures 7, 8, and 25; Table 7). 
5.4.1 Gully and Channel Elements
 Gullies and channels represent pathways of sediment transport by turbidity currents 
and debris flows (Mutti and Normark, 1991). Gullies are small erosional features with one to 
several meters of erosional relief that may extend hundreds of meters and channels are erosional 
features with tens or hundreds of meters of negative relief that may extend for several to tens of 
kilometers (Field et al., 1999) (Figures 7 and 25). The body geometry and process of formation is 
similar for a gully and channel; the difference between the two is scale. 
 Gully and channel elements are defined by a concave-upward erosional base and include 
a fill confined within the erosional depression, interpreted to form in at least two stages: erosion 
of the substrate, and filling of the erosional vacuity (Sprague et al., 2003). The sedimentary fill in 
the depositional axis is most commonly thicker than the margin fill forming a distinct channel-
form geometry (Figure 7). This process of erosion and deposition can form a single gully or 
channel element, or channels may occur repeatedly forming a genetically related amalgamated 
channel element complex (Figure 16) (Sprague et al., 2003). The gully or channel element top 
can be planar and conformable with overlying beds or eroded by subsequent currents. Gully and 
channel elements can be classified based on their aspect ratio in cross-section (element width vs. 
height), the lithofacies associated with the sedimentary fill, and the stacking pattern (e.g., non-
amalgamated or amalgamated beds, upward thickening or upward thinning bedding patterns). 
Four types are identified in this study (Figure 7).
 1. Poorly-amalgamated gullies: In the field area, poorly-amalgamated gullies are 
relatively symmetrical, and are typically 10s of meters wide with <5m of erosional relief (Figures 
7 and 10). The gully fills have evidence of internal erosional processes in the basal portion and 
non-erosive, sheet-like depositional bedding in the upper and lateral parts of the gully fill (Figure 
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7). Gully fill is dominated by Lithofacies 3 and 5, which onlaps the erosion surface. 
 2. Amalgamated, laterally-offset channels: Amalgamated, laterally-offset channels are 
defined by a repeated cut and fill style evolution (Figure 27). In the Juncal Formation, erosional 
depressions 100s of meters wide with 10s of meters of erosional relief are cut and subsequently 
filled with amalgamated sandstones or conglomeratic beds (Figures 7 and 16). Following the fill 
of the first channel, a new channel is cut in an offset position and filled in the same manner. The 
offset, symmetrical channel bodies amalgamate to form a channel complex (Figures 7 and 16). 
Lithofacies 5, 7 and 8 dominate this channel element type. 
 3. Amalgamated, laterally-accreted channels: Amalgamated, laterally-accreted channels 
are defined by an erosional basal surface with fill that builds laterally, continuously draping 
the internal topography (Figure 27). Laterally accreted channels are 10s of meters thick and 
extend 100s of meters across an outcrop where they are well exposed (Figure 7). Channel fill is 
dominated by Lithofacies 2, 3, 4 and 5 separated by intervals of Lithofacies 1. 
 4. Mudstone-filled gullies: Mudstone-filled gullies extend 10s of meters wide with an 
erosional relief that is <5m (Figure 7). Within the Juncal Formation, these gully element types 
occur within much larger sandstone packages (Figure 12) and are interpreted to represent a 
bypass feature shown in the transient fans of Adeogba et al. (2005). Mudstone-filled gullies are 
generally symmetrical, and the fill is dominated by Lithofacies 1. 
 In this study, gully and channel elements are interpreted as bypass indicators. The basal 
erosional surface is a bypass feature, and the channel fill commonly preserves bypass indicators 
such as coarse-grained lags, scour surfaces, and mud rip-up clasts. Where gully and channel 
elements occur, they are overlain by unconfined, sheet-like to lobe-like sandstones. Poorly-
amalgamated gullies lack some of the larger scour features of poorly-amalgamated channel 
element types, but still have evidence of erosion and transportation of sediment downslope 
(e.g., minor scours, erosional top of channel element) (Elliot, 2000; Sylvester et al., 2012). 
Amalgamated channel elements, both laterally offset and laterally accreted, have abundant 
bypass indicators, for example, large-scale flutes, scours, amalgamated conglomerates, and 
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mudstone drapes interpreted as the fine-grained tail of coarser grained turbidity currents (Elliot, 
2000). These amalgamated types represent an evolving slope channel beginning with multiple 
periods of downcutting, channel filling and ending with channel abandonment (Figures 15 and 
16) (Fildani et al., 2013). Where mudstone-filled channels occur, they are within depositional 
lobe elements and depositional sheet elements, and they represent erosion and bypass of 
sediment downslope possibly from erosive turbidity currents or debris flows (e.g. Dakin, 2013). 
 Measured and apparent paleocurrents in channel elements average toward the SW (Tables 
2 and 3), which agrees with the average measured paleocurrent direction of the Juncal Formation 
in the PMFB. Because the outcrops present a strike view of the paleoslope, extensive updip 
and downdip views of the channels are not offered. However, the channels are interpreted to be 
relatively straight due to their symmetrical cross-section, few lateral-accretion channels, and a 
narrow range of paleocurrents that are in agreement with the overall paleoslope direction. 
 The straight, parallel to slope gullies are interpreted as early-stage channel development, 
and the abundance of amalgamated channels are interpreted as a high-sediment load system, 
possibly from a deltaic system on the shelf. Additionally, the abundance of conglomerate-
filled channels (Lithofacies 7 and 8) in the basal portion of the Juncal Formation supports the 
interpretation of a deltaic system bringing well-rounded cobble sized clasts to the outer shelf 
where they are perched and can be transported down slope with turbidity currents and debris 
flows. 
5.4.2 Lobe Elements
 Lobe elements are defined by a convex-upward, mounded geometry that thins and 
pinches out toward the margins from the upper surface downward, with a planar basal bounding 
surface (Pyles, 2007) and a thickening-upward stacking package (Macdonald, et al., 2011). 
They are generally sand-rich and are separated from other lobe elements by a laterally persistent 
siltstone or mudstone (Figures 8 and 25) (Prelat et al., 2009). In this study, lobe elements extend 
for a few hundred meters or less and are tens of meters thick, have very little erosional relief 
on their basal surfaces and generally overlie mud- or sand-filled channel elements or a mass-
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transport deposit element. Lithofacies 4 and 5 dominate lobe elements, but Lithofacies 3 is also 
present, and rarely Lithofacies 9 in minor amounts. 
 Lobe elements in this study are interpreted as submarine slope aprons when combined 
with other architectural elements such as channel elements and sheet elements. Slope aprons are 
defined as ‘deposits forming on the slope in locations where the gradient is reduced and slope 
channels or gullies pass into unconfined, laterally more extensive, usually relatively sand rich 
deposits’ (Sylvester et al., 2012) and are analogous to ‘transient fans’ of Adeogba et al. (2005) 
and ‘perched aprons’ of Deptuck et al. (2012) and Prather et al. (2012). 
 Sediments for lobe elements and slope aprons are likely sourced from a series of linear 
gullies on an un-channelized slope, (Stow, 1984; Field et al., 1999; Sylvester et al., 2012). 
Alternatively, they may be associated with flows generated from mass failures on the slope, 
because these deposits are recognized overlying MTDs (Figures 10, 11, 13, and 14). According 
to Stow (1984), aprons are commonly sand and gravel rich and are associated with small, 
tectonically active basins, which fits within the Juncal Formation depositional setting. However, 
Adeogba et al., (2005), Prather et al. (2012), and Sylvester et al. (2012) have documented 
examples of slope aprons on passive margin settings in the Gulf of Mexico and West Africa, 
which indicates that the tectonic regime is not solely responsible for types of fan distribution, and 
slope topography from the underlying MTDs may play a larger role in the development of slope 
aprons. 
5.4.3 Mudstone-sheet elements
 Mudstone-sheet elements are defined by relatively planar mudstone and mudstone/
sandstone packages that are tens to hundreds of meters thick and can extend laterally several 
kilometers across the basin (Figures 7 and 25) (Amy et al., 2007; Pyles, 2007). They are 
dominated by Lithofacies 1 with subordinate amounts of Lithofacies 2 and 3 (Figures 8 and 9; 
Table 7). The bounding surfaces are depositional except where they are eroded into by overlying 
channel or MTD elements. In this study, mudstone-sheet elements are interpreted as deposits 
from hemipelagics with siltstone lenses from hypopycnal plumes from a fluvial source or fine-
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grained tails of coarser-grained turbidity currents. 
5.4.4 Sandstone-sheet elements
 Sandstone-sheet elements are defined by flat-lying, laterally extensive packages of 
sandstone beds that apparently lack confinement within an erosional concave upward depression 
or within levees (Figures 7 and 25). They are composed of beds typically 1-2m thick, which 
comprise packages 10s of meters thick, overall sheet-like in geometry extending for 100s of 
meters across the outcrops (Figures 12 and 22). They are dominated by Lithofacies 4, 5, and 6, 
with minor amounts of Lithofacies 2. Laterally, they interfinger with finer grained Lithofacies 1 
and 3 (Figure 8; Table 7). The boundaries may be depositional or erosional, and sandstone-sheet 
elements may amalgamate together. 
 Sandstone-sheet elements in the field area exhibit abundant traction deposits (e.g., 
ripples, planar laminations, cross-stratification, traction carpets, scours) and lack internal chaotic 
beds, which supports the interpretation of deposition by sustained turbidity currents (Kneller and 
Branney, 1995; Plink-Bjorklund, et al., 2001; Mutti, et al., 2009). Sustained turbidity currents are 
interpreted to support a strong fluvial link (Plink-Bjorklund and Steel, 2004).
5.4.5 Mass-Transport Deposit Elements
 Mass-transport deposit (MTD) elements are identified based on internal deformation with 
a planar basal bounding surface representing detachment along the slope or an erosional base of 
a channel. The upper bounding surfaces are commonly irregular, creating topography that can 
influence and trap sediments from subsequent flows (Posamentier and Kolla, 2003; Moscardelli 
et al., 2006, Pickering and Corregidor, 2005). They can be composed of intraformational and 
extraformational clasts and may contain disturbed beds in various stages of destruction (Figures 
10, 11, 13, 14, 17, and 19). Two types of MTDs are recognized in the field area. Both types are as 
much as 20m thick and extend laterally for tens or hundreds of meters (Figure 8; Table 7). 
 1. Type 1- pebbly sandstones and mudstones: Type 1 MTDs are clast-rich sandstones 
and mudstones dominated by Lithofacies 9 (Figure 8). They are composed of extraformational 
rounded pebble and cobble clasts, and intraformational rounded mud clasts floating in a muddy-
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sand matrix. They are commonly overlain by sandstone-sheet elements or lobe elements that 
drape the topography of the MTD. 
 2. Type 2- chaotic beds: Type 2 MTDs are chaotic beds dominated by Lithofacies 10 
(Figure 8). They are composed of intraformational contorted and folded mudstone and sandstone 
beds with large rafts encased in a poorly sorted matrix. They are commonly overlain by 
sandstone-sheet elements or lobe elements that drape the topography of the MTD. The extensive 
deformation and inclusion of large rafts is interpreted to suggest Type 2 MTDs have not traveled 
far from their source (Pickering and Corregidor, 2005). 
 MTDs are interpreted to be the deposits of gravity-induced downslope flows, including 
slumps, slides, and debris flows, but not including turbidity currents (Moscardelli, et al., 
2006). MTDs can be generated by high sedimentation rates on the shelf and slope, resulting in 
oversteepening and slope failure, sea-level fluctuations, and/or tectonic activity (Moscardelli et 
al., 2006). 
5.5 System Descriptions
 Table 9 highlights the main features and interpretations of the four units in the WSS and 
ESS described in the following section.
5.5.1 Western Slope System
 The Western Slope System (WSS) is divided into four units coeval with those in 
the Eastern Slope System (ESS) on the basis of physical stratigraphic mapping and benthic 
foraminiferal analysis (Figures 2 and 23). Unit boundaries were interpreted and defined by 
regional, vertical changes in dominant lithofacies and architectural element types. Boundaries 
are sharp or gradational, depending on the unit. All four units of the WSS are well exposed in the 
Northeast Amphitheater and Wagon Road Canyon, so a fairly continuous measured sedimentary 
log was obtained through the system (Figures 2 and 23). 
 Unit 1 West: The basal unit of the Juncal Formation in the WSS is thrust over the younger 
Caliente Formation, but it appears that the majority of the unit is exposed since the average 
thickness of 728m thick is similar to the average thickness of Unit 1 in the ESS (Table 10). 
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Mudstone-sheet elements of Lithofacies 1 dominate the unit, but few sandstone-sheet elements 
and lobe elements comprised of Lithofacies 2, 3, 4, and 5 exist. Laterally discontinuous, 
lenticular sandstone and siltstone beds, as much as 20cm thick, commonly with eroded tops, 
ripple- to dune-scale cross-laminae and rare pebble lags are dispersed throughout the unit (Figure 
9; Appendix A-1). Benthic foraminifera suggest Unit 1 was deposited in water depths of 1500-
2000m (lower-middle bathyl) to 500-1500m (upper-middle bathyl) (Figure 2; Table 1). 
 Unit 1 is interpreted to represent a middle slope, bypass-dominated succession dominated 
by deposits of the tails of turbidity currents (Figure 28). The paleobathymetry shows this unit 
was deposited in the deepest-water environment of the study area, but bypass indicators (e.g., 
laterally discontinuous siltstone and sandstone lobes with eroded tops, ripple to dune scale cross-
laminae, and rare pebble lags) confirm that sediment was distributed beyond the study area. 
 Unit 2 West: Unit 2 averages 689m thick as measured (Table 10) and the boundary 
is marked at the recognition of an increase in Type 1MTD elements exposed in Wagon 
Road Canyon (Figures 10 and 11). Sandstone-sheet elements and lobe elements dominated 
by Lithofacies 5 (<5m thick) commonly overlie MTDs dominated by Lithofacies 9 (<8m 
thick). Lithofacies 5 sandstones are separated by mudstone sheets composed of Lithofacies 1 
(Appendix A-1). Individual beds commonly pinch out laterally within 80m of the logged section. 
Amalgamated beds, lateral accretion surfaces, pebble and cobble lags, scoured sandstones, 
mud rip-up clasts, and soft sediment deformations are more abundant than in Unit 1 (Figure 
26). Paleocurrents in this unit average 227°, based on 44 measurements (Table 2). Benthic 
foraminifera suggest paleo-water depths of 1500-2000m (lower-middle bathyl) to 500-1500m 
(upper-middle bathyl) (Table 1).
 Unit 2 is interpreted as a transition from a relatively fine-grained, bypass-dominated 
environment in Unit 1 to a `perched` middle slope environment, where the rough topography of 
the slope allowed some flows to stop, while other, more energetic flows bypassed (Figure 29). 
MTDs throughout the unit are probably responsible for creating the break in slope and uneven 
topography that the overlying sediments filled (Figures 30 and 31), as evidenced by the lack of 
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truncation of the MTD beds, and presence of MTDs beneath many of the sandstone sheet and 
lobe elements (Figures 10 and 11). Sandstone-sheet and lobe elements are interpreted as slope 
aprons overlying the rough slope topography (Stow, 1984; Sylvester et al., 2012).
 Unit 3 West: Unit 3 averages 936m thick (Table 10) and is similar in appearance to 
Unit 2 except that MTDs are noticeably thicker (<15m) and more frequent (Figures 13 and 14; 
Appendix A-1). The unit boundary is marked at the recognition of an increase in Type 2 MTDs. 
Sandstone-sheet elements and lobe elements are dominated by structureless sandstones of 
Lithofacies 5 (<5m thick) overlying MTDs dominated by Lithofacies 9 (<15m thick). Mudstone-
sheet elements of Lithofacies 1 and 3 separate the sandstone-sheet and lobe element packages. 
Rarely, sandstone-sheet elements and lobe elements overlie a channel element, but the confined 
channel fill only represents 10-15% of the overall sandstone body thickness (Figure 12). 
Amalgamated, laterally accreted channels up to 15m thick (Figure 7) appear in this unit. Benthic 
foraminiferal data suggest water depths between 1500-2000m (lower-middle bathyl) to 500-
1500m (upper-middle bathyl) for unit 3. Paleocurrents in this portion average toward 238° based 
on 9 measurements (Table 2).
 Unit 3 is interpreted as a middle-slope environment with sediment sourced from multiple 
slope gullies and channels and mass failures on the unstable upper slope (Mellere et al., 2002) 
(Figure 32). Similar to Unit 2, MTD-generated accommodation appears to be a major control on 
interpreted slope apron position in Unit 3 (Stow, 1984; Sylvester et al., 2012) (Figures 13, 30, 
and 31). The apparent lack of a defined feeder channel within the WSS may indicate that one or 
more was up dip of the exposed Juncal Formation section or that the sediment is line-sourced or 
contains multiple sources from small gullies across the slope fed from an unstable upper slope 
setting (Reading and Richards, 1994; Mellere et al., 2002). The apparent lack of levees suggests 
that the axis was in depositional equilibrium with the overbank through frequent avulsion.
 Unit 4 West: Unit 4 averages 378m thick and is gradationally overlain by the Eocene 
Matilija Formation (Table 10). This unit is marked by a change to dominantly Type 2 MTD 
elements (<18m thick) dominated by Lithofacies 10 with rafts of intraformational material 
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up to 15m long suspended at various angles (Figure 14). These MTD elements are overlain 
by sandstone sheet and sandstone lobe elements dominated by Lithofacies 4 (<5m thick) and 
Lithofaices 5 (<8m thick) (Appendix A-1). Benthic foraminiferal data suggest water depths of 
1500-2000m (lower-middle bathyl) to >150m (bathyl). 
 Unit 4 is interpreted as a shift to an unstable and active upper slope environment (Figure 
33). Although the paleobathymetic data shows a large water depth range (Table 1), the thick 
MTD elements containing large rafts of other rock material likely originated on the upper slope 
and are probably not far traveled (e.g., Type I and II MTCs in Pickering and Corregidor, 2005). 
Similar to Units 2 and 3, the MTD elements appear to be the topographic controls on sandstone 
sheet and lobe element distribution 
5.5.2 Eastern Slope System
 The Eastern Slope System (ESS) is divided into four units coeval with those of 
the Western Slope System (WSS), based on physical stratigraphic correlation and benthic 
foraminiferal analysis (Figures 2 and 24). Unit boundaries were interpreted and defined 
in a similar method to the WSS, by a regional vertical change in dominant lithofacies and 
architectural element types. Boundaries are both erosional and gradational, depending on the 
unit. Outcrops are not as laterally well exposed as in the WSS, so five, individual measured 
sedimentary logs are compiled to make a composite log of the ESS. Interpretation of the units in 
the ESS is based on these outcrops.
 Unit 1 East: The basal unit of the Juncal Formation nonconformably overlies the 
Whitaker Peak granodiorite and averages 1119m thick (Table 10; Appendix A-2). A low angle 
contact between the basement rock and Unit 1, and the presence of erosional furrows on the 
basement rock surface support a depositional contact rather than a fault contact. Laterally-offset 
channel elements (Figures 7 and 27) dominated by Lithofacies 7 and 8 comprise the coarse- 
grained portion of this unit with a few channel elements filled with Lithofacies 5 (Figures 15 and 
16). Channel elements amalgamate together to form channel complexes (Figure 16). Mudstone-
sheet elements of Lithofacies 3 separate the channel complexes. Benthic foramainiferal data 
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suggest water depths of 1500-2000m (lower-middle bathyl).
 Unit 1 in the ESS is exposed in two main outcrops, the underlying Halfmoon Sandstone 
and the overlying Halfmoon Conglomerate (Figures 15, 16, and 24). The lower Halfmoon 
Sandstone deposit is approximately 74m thick (Figure 15; Appendix A-2). Overall, it exhibits 
a progression from non-amalgamated, sandstone-sheet and lobe elements at the base to highly 
reworked and amalgamated sandstone-sheet elements in the middle, to non-amalgamated 
sandstone-sheet elements in the upper portion comprised of Lithofacies 4, 5 and 7 (Figure 15). 
 In the overlying Halfmoon Conglomerate, individual channel elements filled with 
Lithofacies 7 and 8 amalgamate to form an 82m thick conglomerate channel complex entirely 
confined within an erosional boundary (Figure 16; Appendix A-2). The lower portion of the 
outcrop is dominated by matrix-supported conglomerates of Lithofacies 7, but the upper 
conglomerates are clast-supported Lithofacies 8 and are A-axis transverse, B-axis imbricated, 
with clast imbrication groups averaging 259° (Table 3). 
 Unit 1 is interpreted to be a high-energy, middle slope, deep-water channel system 
(Figure 28). Measured paleocurrents from clast imbrication groups are equal to the interpreted 
paleo-slope direction and support a straight channel funneling sediment down slope (Table 
3), probably from a fluvial source due to the abundance of extraformational, well-rounded 
conglomerate clasts. The transitions from amalgamated sandstones and conglomerates to 
non-amalgmated sheet-like sandstones in the Halfmoon Sandstone, and from amalgamated 
conglomerate channel bodies to sheet-like sandstones in the Halfmoon Conglomerate, are 
interpreted as waning energy cycles and abandonment of the channels in this slope setting. There 
is no evidence of a major bounding surface containing the conglomerate channel elements, 
therefore this unit is interpreted as a deep-water channel system rather than a canyon system.  
 Unit 2 East: Unit 2 boundary is marked after the last appearance of large amalgamated 
conglomerate channel elements and has an average thickness of 914m (Table 10; Appendix 
A-2). Besides the mudstone-sheet elements separating the outcrops, sandstone-sheet elements 
up to 30m thick, and MTDs up to 6m thick, comprise this unit. Sandstone-sheet elements are 
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dominated by Lithofacies 4 and 5, and have individual beds up to 4.5m thick with an abundance 
of mud rip-up clasts (Figure 18). MTD elements comprised of Lithofacies 9 and 10 up to 6m 
thick are overlain by conglomerates and sandstones dominated by Lithofacies 1 and 5 with 
minor amounts of Lithofaices 1, 2, and 3 (Figure 31). Mudstone-sheet elements of Lithofacies 
1 separate the sandstone and conglomerate packages. Benthic foraminiferal data suggest water 
depths of 150-500m (upper-middle bathyl) (Table 1). 
 Unit 2 in the ESS is exposed in two main outcrops, the Grade Valley Switchbacks and 
the Halfmoon/Thorne Meadows Splitoff (Figure 17, 18, and 24). The Grade Valley Switchbacks 
outcrop averages 125m thick (Figure 17; Appendix A-2). MTDs sit within flat-based scour 
surfaces in the basal portion of the outcrop and are overlain by mudstones, sandstones and pebble 
to cobble conglomerates up to 4.5m thick (Lithofacies 1, 2, 3, 5, 7 and 8). Upward coarsening 
packages (MTD, mudstone, sandstone, conglomerate) repeat through the outcrop. A-axis 
transverse and B-axis imbricated clast groups have paleocurrents that trend toward 205° based on 
eighteen measurements (Table 3). 
 The Halfmoon/Thorne Meadows Splitoff outcrop is about 50m thick (Figure 18). The 
basal portion is dominated by Lithofacies 4 and 5 with dune-scale laminations in the lower 
portions of the beds and soft sediment deformation in the upper portion of the beds. The upper 
portion of the outcrop is dominated by a finer grained Lithofacies 5 with parallel to wavy 
laminations, and lack dispersed grains and mud rip-up clasts. Ophiomorpha trace fossils are more 
common in the upper sandstone beds in this outcrop (Figure 26A). Flute casts throughout trend 
toward 230° based on 5 measurements (Table 3). 
 Unit 2 is interpreted as upper-slope deposits. Paleobathemetry indicates a major shift 
upslope to possibly less stable environments where slope oversteepening was a major process 
and slope failures were more likely. Mass failures along the slope created accommodation that 
trapped sediments from subsequent flows (Figures 29, and 31). These MTDs appear to be a 
dominant control on coarse-grained sediment distribution in Unit 2, as the conglomerate bodies 
are not as laterally continuous or confined within erosional boundaries as in Unit 1 (Figures 17 
38
and 19). Additionally, upward coarsening packages seen in the Grade Valley Switchbacks and 
sandstone-sheet elements support the interpretation of a shelf-edge or upper-slope deposit of 
thick sandstone successions (Plink-Bjorklund et al., 2001). 
 Unit 3/4 East: The outcrops become sparse and inaccessible through the interpreted 
Units 3 and 4, so a defined boundary was not seen. Units 3 and 4 have been combined because 
the outcrops are sparse and it is difficult to distinguish a clear-cut boundary in the field or with 
satellite imagery. These two units have an average combined thickness of 578m (Table 10). 
Benthic foraminiferal data suggest water depths of >150m (bathyl) for the basal portion of the 
combined units; all of the samples in the upper portion are barren of identifiable microfossils. 
However, an in situ bed of gastropods and oysters was found just below the Matilija Formation 
contact, and shallow marine, fluvially-dominated deltaic deposits are present in the Thorne 
Meadows locality (Figure 21 and 24). 
 This combined unit is exposed in the Fishbowls Sandstone, which averages 90m thick 
(Figure 20), the Thorne Meadows Sandstone, which averages 50m thick (Figure 21), and the 
Thorne Point Sandstone, which averages over 100m thick (Figure 22). In the Fishbowls outcrop, 
mudstone-sheet elements of organic-rich and highly-bioturbated mudstone of Lithofacies 
1 transitions to sandstone-sheet elements of Lithofacies 6. The sandstones have very faint 
parallel laminations and scours lined with pebbles. Structureless sandstones and amalgamated 
and non-amalgamated sheet sandstones, as much as 12m thick, are laterally extensive and are 
easily mapped on satellite imagery. The upper 50m of section is dominated by sandstones of 
Lithofacies 5 with pebble and cobble layers, and interbedded mudstone with coaly layers and 
sandstone of Lithofacies 3. Injections (Figure 26) and other small-scale dewatering structures 
are present in the upper portions of the sandstone beds. Upward, organic particles increase 
especially along foresets, which are also lined with mud clasts (Figure 26). Lateral to the 
Fishbowls Sandstone, the Thorne Meadows Sandstone is comprised of sandstone lobe elements 
of Lithofacies 4, 5 and 6, and rarely MTD elements of Lithofaices 10. Sandstone lobe elements 
dip in opposing directions, and few sandstone beds have swaley cross-stratification, double-mud 
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draped ripple sets, and organic-rich layers (Figure 34). This section was not logged in detail due 
to time constraints. Overlying the Fishbowls and Thorne Meadows Sandstones are continuous 
sandstone packages, as much as 80m thick, with scours and areas of amalgamation topping the 
Juncal Formation at the Thorne Point outcrop (Figure 22). This section was not logged in detail 
due to inaccessible steep slopes. 
 Unit 3/4 is interpreted as deposits from a prograding shelf-edge fan delta (Figure 32 and 
33). Fan deltas are coarse-grained deltas formed when an alluvial fan in an adjacent highland 
progrades into a body of water, and are more common in active tectonic settings (McPherson et 
al., 1987). It is possible that this could be an estuarine system with tidal bars, but the coarsening 
upward sandstone packages and lack of mud suggests that this is a deltaic system at the shelf 
edge. Sandstone lobes dipping in alternating directions are interpreted as mouth bars, and swaley 
cross-stratification is interpreted as above wave-base shelf deposits in the Thorne Meadows 
outcrop. Structureless sandstones with pebble and cobble layers and coaly organic matter in the 
Fishbowls outcrop is interpreted as outer-shelf deltaic deposits. The thick, laterally continuous 
sandstone sheets at the Thorne Point outcrop are interpreted as deposits connected to mouth bar 
systems and distributary channels on the shelf. Scoured and amalgamated sandstones with coaly 
organic matter and traction structures in the upper portion of the unit are interpreted as channel-
fill deposits from river distributaries (Mellere et al., 2002). The in situ gastropods and oysters 





 As presented in Chapter 5, the Juncal Formation on the Pine Mountain fault block 
(PMFB) is interpreted to represent two separate, yet interfingering, systems transitioning from 
mid- and upper-slope to shelf along a strike section. Because the paleocurrents in both the 
Western Slope System (WSS) and Eastern Slope System (ESS) are parallel (Tables 2 and 3), 
but extend for at least 19km along outcrop, they are unlikely to be fed directly from the same 
input, although the onshore regional catchment may be the same. The evolution of the Juncal 
Formation described in Chapter 5, along with the interpretation of the overlying Matilija 
Formation as a shallow water deltaic environment (Link, 1975; Link and Welton, 1982; Campion 
et al., 1996), supports the interpretation of a shallowing-upward slope to shelf depositional 
system fed by a fluvially-dominated, shelf edge fan delta. This Chapter covers the possible 
allogenic and autogenic controlling factors in the evolution of the Juncal Formation. 
6.1 Controls on System Architecture
 Allogenic controls such as sea level fluctuations, tectonic setting, and sediment supply, 
and autogenic controls such as slope accommodation and slope topography can affect the 
resulting submarine slope deposits. However, each of these plays a different role in controlling 
the deposition of sediments across the study area. Results from this study gives rise to 
speculation on allogenic and autogenic controls, and these factors are discussed with respect to 
their influence on sediment distribution in the Juncal Formation. It is interpreted that autogenic 
controls affect deposition at the bed and architectural element scale and allogenic controls affect 
deposition at the unit scale. 
6.1.1 Sea Level Fluctuations
 Sea level fluctuations play a role in the deposition of the Juncal Formation. Haq et al. 
(1987, 1988), Johnson et al. (2005), and Miller et al. (2005) interpret a major eustatic sea level 
fall at 49.5my, ranging from 25m-100m, which correlates with the oldest sediments (Unit 1) 
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of the Juncal Formation on the PMFB (Figure 5) and with the Eocene Canyon Cutting Event 
(Haq et al., 1987, 1988), which may be responsible for the initial channel incision in the ESS, 
recognized along the Pacific Coast and elsewhere (Campion et al., 1996; May and Warme, 2000; 
Hill et al., 2005). Following this drop, the eustatic sea level experiences a rise and high point at 
48my, followed by an overall fall until 42my (Haq et al., 1987, 1988; Johnson et al., 2005; Miller 
et al., 2005). Drops in sea level create accommodation, which allows progradation of shelf edge 
deltas and building of submarine fans (Mellere et al., 2002). This eustatic drop from 48-42my 
may coincide with delta progradation of Units 3 and 4 and the apparent shallowing upward 
succession through the deposition of the Juncal Formation on the PMFB. Local, relative sea level 
falls created by rapid tectonic uplift during the Farrallon plate slab rollback would strengthen the 
effects of the eustatic sea level fall and channel cutting into the shelf edge and slope.
6.1.2 Tectonics
 During the Eocene, the Juncal Formation sediments on the PMFB were deposited in a 
tectonically active forearc setting that experienced rapid uplift rates produced by slab rollback 
of the Farrallon plate resulting in a relative sea level fall, channel formation, and shedding of 
conglomerates into the deep-water channels in Unit 1 in the ESS (Figure 28). An associated 
increase in erosion onshore resulted in a high supply of sediment available for transportation to 
the shelf causing oversteepening of the shelf and upper slope and the subsequent failures in Unit 
2 in the WSS and ESS (Figure 29). In combination with fluvial input, the increased sediment 
supply could allow for the progradation of a delta across a likely narrow shelf and to the shelf 
edge (Mellere et al., 2002) in Units 3 and 4 in the WSS and ESS (Figures 32 and 33). 
 Seismicity related to the tectonic regime may be responsible for the initiation of slope 
failures and faulting along the slope creating changes in slope gradients (Garziglia et al., 2008) 
(Figure 35). Seismically induced slope failures can create accommodation on the slope in the 
form of highly deformed slope topography where subsequent downslope flows are forced to 
fill local topographic lows (Stow, et al., 1985). Frequent earthquakes may also limit slope fan 
growth, resulting in thin, irregularly shaped fan deposits (Miall, 2000). Slope failures and 
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MTD deposits are known to influence deposition in the Juncal Formation, and slope aprons are 
relatively thin with a lateral extent limited to hundreds of meters, instead of kilometers. 
6.1.3 Sediment Supply
 Sediment supply is a dominant control on the different lithofacies between the WSS and 
ESS, especially in Unit 1. It is interpreted that the ESS is supplied with sediment from a shelf 
edge fan delta, making conglomerates readily available for transportation down a slope channel. 
However, conglomerates in the WSS are rare. It is interpreted that the WSS is supplied by south 
to north flowing longshore currents transporting sediment from the delta, but unable to move the 
coarse conglomeratic fraction. Researchers have indicated that a rapidly warming climate during 
the Eocene Thermal Maxium resulted in changing ocean circulation patterns (Bice and Marotzke, 
2002; Nunes and Norris, 2006), which could have affected the longshore current pattern along 
the California coast. Alternatively, local variations in the coastline may have influenced a south 
to north flowing current. Alternatively, there may be a separate fluvial input feeding the WSS that 
may not contain the same conglomerate fraction. If conglomeratic sediments were available from 
a separate fluvial source, they could be trapped in upper slope slump scars (Figure 28). In Units 2 
to 4, sediment may have sourced from unstable shelf edge gravity flows and failing delta mouth 
lobes (Figures 29, 32, and 33).
6.1.4 Impacts of Slope Accommodation on Sedimentation
 Available slope accommodation can influence the deposition of sediments, segregation of 
grain size populations, and architectural elements of the deposits. As mentioned above, tectonics 
and sea level changes can create slope accommodation that affects regional slope deposition. On 
a local scale, mass wasting is responsible for creating rough slope topography trapping sediment 
from subsequent flows that infill local accommodation (Prather, 2003; Hubbard et al., 2010). 
Flat-bottomed slide scars trap coarse-grained sediment in Unit 2 in the ESS (Prather et al., 2012; 
Georgiopoulou, 2013) (Figures 19 and 29). The MTD comes to rest farther downslope creating a 
reduction in gradient resulting in the ponding of sediment from subsequent flows as in Unit 2 in 
the WSS (Moscardelli et al., 2006) (Figures 29 and 30). 
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6.1.5 Slope Position
 Although channels, MTDs, lobes, and sheets can occur all along the slope, the 
combinations of architectural elements and stacking patterns can be used to further interpret 
slope position. Units 1 and 2 of the Juncal Formation are interpreted to be middle slope deposits 
based on the combination of channel elements and MTD elements overlain by laterally extensive 
sheet elements (Sylvester et al., 2012) (Figures 28 and 29). Units 3 and 4 are interpreted to be 
upper slope to shelf settings based on the presence of flat-bottomed slump and slide scars and 
delta mouth bar lobes and channels (Mellere et al., 2002; Sylvester et al., 2012) (Figures 32 
and 33). Additionally, features such as swaley cross-stratification (Figure 34) and shallow water 
fauna such as oysters and gastropods support a shallow water depositional setting (Mellere et 
al., 2002). Benthic foraminiferal data also supports the interpreted slope position within each 
unit, although, the nature of transported sediments down slope can make the resolution of the 
microfossil data poor (Figure 5; Table 1). 
6.2 Large-scale Stacking Patterns in the Juncal Formation
 The initial deposits of the Juncal Formation in Unit 1 are represented by large-scale 
channel deposits as much as 80m thick in the ESS, and thin sandstone lobes, up to 2m thick 
encased in mudstone as much as 50m thick in the WSS. The ESS is interpreted as channel 
fill deposits following the incision of the channel point source, and the WSS is interpreted as 
turbidity current deposits from bypassing flows. The conglomerate-filled channels are interpreted 
as from a point source at least in the lower Unit 1 of the ESS, and there may have been 
multiple channel inputs in the ESS at that time. The lack of a bounding surface containing the 
conglomerates suggests that these were individual slope channels and were not contained within 
a canyon system. Large channelized deposits are not present in the Juncal Formation following 
Unit 1, so it is interpreted that the channel was filled and abandoned. 
 Units 2, 3, and 4 contain rare, shallow erosional gullies beneath some of the interpreted 
slope aprons in the WSS. Sylvester et al. (2012) interpreted slope gullies as predecessors to slope 
channels and may indicate that the preserved slope system was relatively immature. In the Gulf 
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of Mexico, gullies are connected upslope to a shelf edge delta lobe and can be used to determine 
changes in the delta position (Sylvester et al., 2012). Downslope, the gullies commonly connect 
to slope aprons where flows lose confinement and spread out as depositional lobes on the slope 
(Sylvester et al., 2012). In the ESS, these upper slope units appear to be influenced by an overall 
progradation of a shelf edge fan delta following abandonment of the channel input. Shelf edge 
deltas are difficult to identify in outcrop due to limitations in exposure and difficulties in placing 
an outcrop in a depositional location (Porebski and Steel, 2003), but this interpretation seems 
to fit with the collected data on the Juncal Formation on the PMFB. The development of a shelf 
edge delta is generally associated with a fall in sea level and a high supply of sediment (Mellere 
et al., 2002), although it can occur with a rise in sea level (e.g., Posamentier et al., 1988; Kolla 
and Perlmutter, 1993, Uroza and Steel, 2008) or regardless of a change in sea level (Covault et 
al., 2007) 
 According to Mellere et al., (2002) preservation of a shelf edge delta is best if sea level 
does not fall substantially or for long periods of time below the shelf break. This is evident in 
the studies on the Early Eocene shelf edge deltas in the Central Basin of Spitsbergen (Mellere et 
al., 2002). Slight drops in sea level cause the deltas to perch on the outer shelf and upper slope 
building thick packages of sand on the upper slope (Mellere et al., 2002). Thickening upward 
packages of sand with wave ripples, cross bedding, and parallel laminations are commonly seen 
in the upper units of the Juncal Formation in both the WSS and ESS and are interpreted here as 
the deposits of a shelf edge delta and associated slope aprons. At the top of the Juncal Formation, 
the sand packages extend laterally along strike up to 19km, and it is likely that these extensive 
sand packages developed from slope aprons and remained on the upper slope due to a lack of 
significant incision (Mellere et al., 2002). Although these outcrops do not expose a dip-oriented 
view of the Juncal Formation, the upward stacking pattern changes from channel and slope apron 
deposits to shelf edge mouth bar and distributary channel deposits, similar to the Central Basin of 
Spitsbergen (Mellere et al., 2002). 
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6.3 Lateral Changes in the Juncal Formation
 Evidence for a deltaic system is more prevalent in the ESS, so it is interpreted that the 
delta was likely situated on the shelf above the ESS (Figures 28, 29, 32, and 33). Laterally, the 
WSS lobes and slope aprons are interpreted to be supplied by longshore currents from distal delta 
lobes on the edge of the delta system (Figures 28, 29, 32, and 33). Lateral changes in the upper 
portion of the Juncal Formation place shelfal deposits in Units 3/4 in the ESS adjacent to upper 
slope deposits in Units 3 and 4 in the WSS (Figures 28, 29, 32, and 33). The calculated slope 
angle of 1-3° from the ESS over to the WSS would help support the interpretation of a shelf edge 
delta above the ESS changing laterally to slope deposits, as it is similar to the slope angle of 3-4° 
off the delta in the Central Basin of Spitsbergen (Mellere et al., 2002). 
6.4 Depositional Framework of the Juncal Formation
 Reading and Richards (1994) used observable characteristics such as grain size, mud 
to sand ratios, and feeder systems (e.g., mud-rich to gravel-rich systems and slope apron linear 
sourced to submarine fan point sourced) to classify depositional systems on a large scale. This 
method of classification is especially useful in outcrop settings. Using the classification system 
by Reading and Richards (1994), the WSS is a multi-sourced, mud/sand rich, slope apron system 
at the base and a linear-source, sand rich slope apron system at the top. This is based on sand and 
mud dominance, sheet and lobe sandstone architectural elements separated by mudstone-sheet 
elements, and the lack of an obvious channel feeder system. Lobe and sheet elements overlie 
MTDs and where straight, erosional gullies are present, they are thin compared to the thickness 
of the overlying beds (Figure 12). In contrast, the lateral, coeval ESS is interpreted as a point-
sourced, sand/gravel rich system at the base and a multi-sourced, sand-rich ramp at the top. This 
view is based on the dominant of coarser grained sand and conglomerate, conglomerate-filled 
channels, and sandstone lobe and sheet elements that are thicker and coarser grained than in the 
WSS. Reading and Richards (1994) classified the overlying Matilija Formation as a sand-rich 
system with multiple source ramps, and this view may be similar to the interpreted depositional 
framework of the Eocene Juncal Formation. 
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6.5 Comparisons to Other Slope Settings
 During the Eocene, several other documented submarine slope systems were active 
along the Pacific Coast of California and Oregon, including the Middle Eocene Butano-Point 
of Rocks fan (Clarke and Nilsen, 1973; Kheradyar, 1988), the Late Paleocene-Early Eocene 
Cantua sandstone (Graham and Berry, 1979), the Early-Middle Eocene San Juan Bautista-San 
Emigdio system (Nilsen, 1984), the Middle-Eocene Tyee Formation of southwest Oregon (Heller 
and Dickinson, 1985), the Middle-Eocene Rocks Sandstone (Link and Nilsen, 1980), and the 
Early-Middle Eocene La Jolla Group (Lohmar and Warme, 1979; May and Warme, 2000) (Table 
11). The age of these slope systems falls within one biostratigraphic zone of the major eustatic 
sea-level fall in the early-middle Eocene at 49.5 My (Haq, et al., 1987). Taking into account 
changes in the geologic time scale and refining of the biostratigraphic zones, the Eocene Canyon 
Cutting Event is interpreted to have had a role in initiating these systems, similar to the timing 
of the Juncal Formation. The initiation of sedimentation along the Pacific Coast could be linked 
to an increase in regional tectonics associated with plate subduction, a significant eustatic sea-
level fall, or climate change or a combination of all factors, although unique signatures may not 
be discriminated. However, it seems more likely that a eustatic sea level fall played a role in 
initiating deposition at the same time along the Pacific Coast than local tectonics, because local 
tectonic uplift and subsidence rates have varied along the coast and evidence for the Eocene 
Canyon Cutting Event is seen worldwide (May and Warme, 1987). However, local tectonics 
may play a significant role in creating narrow continental shelves, which makes it easier to bring 
coarse-grained sediments across the shelf and over the shelf edge. 
 A modern example of a forearc setting with similar dimensions to the Juncal Formation is 
off the Oregon coast. The Astoria Fan developed in an unconfined basin extending approximately 
160km from canyon mouth where it is fed by a major river and single point sourced submarine 
canyon system (Nelson, 1985). Typical of convergent margins, the narrow continental shelf 
(63km wide) breaks at only 160m depth, grading to a slope that averages 1.8° and gives way to 
large-scale sediment gravity flows (Nelson, 1985). Because of the narrow zone between shelf
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margin and deep-water settings, a local, tectonically induced sea level fall can cause vertical 
sequences to shift from deep marine to deltaic very quickly over short stratigraphic distances 





 Two adjacent, coeval, well-exposed continental slope systems in the Juncal Formation 
on the Pine Mountain fault block were compared in this study. The same lithofacies and 
architectural elements occur in both the Western and Eastern Slope Systems, but in varying 
abundances. A main focus of this study was to determine how these differences relate to 
the depositional evolution and how allogenic and autogenic controls influence the deposits. 
Results from this study confirm the interpretation that the differing depositional lithofacies and 
architectures were largely controlled by sediment supply and local accommodation influenced 
by slope topography and slope position, and to a lesser extent, tectonic and sea level fluctuations. 
The following conclusions were made from this study:
(1) Biostratigraphic data from benthic foraminifera, lithofacies, and architectural elements 
in the Juncal Formation on the Pine Mountain fault block indicate that the Western and Eastern 
Slope Systems were deposited on the Eocene middle continental slope at the base of the Juncal 
Formation and on an upper slope to shelf setting at the top of the Juncal Formation over a period 
of about 8 my.
(2) The along strike exposures and mappable unit boundaries of the Juncal Formation 
outcrops across the Pine Mountain fault block show that the adjacent slope systems were coeval, 
yet do not appear to be laterally connected. 
(3) The Western Slope System is interpreted as the deposits of slope gullies and slope aprons 
from bypassing turbidity currents at the base of the Juncal Formation based on the size and 
external geometry of the elements. The upper portion is interpreted as the deposits of upper slope 
delta front lobes in a lateral or fringe position of a shelf-edge fan delta based on a finer grained 
succession and fewer conglomerates, and a thickening upward trend of the sandstone beds. Mass-
transport deposits are abundant in the upper Juncal Formation and are interpreted to result from 
slumps, slides, and debris flows from slope failure caused by oversteepening of the shelf edge. 
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(4) The Eastern Slope System is interpreted as the deposits of slope channels and associated 
overbank based on the size and relief of the erosional base and the coarse grained fill. This 
channel was probably cut 49.5 Mya during the Eocene Canyon Cutting Event and subsequently 
filled with conglomerates, indicating a tectonically active setting with rapid onshore uplift and 
possibly a narrow shelf. These channel deposits are interpreted to represent the axis of deposition 
that served as the main feeder channel and was eventually abandoned after the channels were 
filled. The upper portion is interpreted as the deposits of upper slope to outer shelf delta lobes in 
a more proximal position based on the presence of large, flat-based erosional scours from mass 
failure evacuation, cross stratified beds, an abundance of land-derived organic matter, wave 
ripples, and oyster and gastropod shells. Mass-transport deposits are less common, but scours are 
more common which may indicate that the mass-transport deposits were deposited farther down 
slope. 
(5) Allogenic controls such as sea level fluctuations, tectonics, and sediment supply, 
and autogenic controls such as slope accommodation and slope topography are all factors in 
controlling the depositional lithofacies, but they influence the deposits to different degrees. Sea 
level fluctuations likely played a significant role in the initial canyon cutting in the Eastern Slope 
System, but probably played less of a role in the deposition of the upper Juncal Formation. An 
active tectonic setting with rapid uplift supplied abundant coarse-grained sediment to the shelf 
resulting in the progradation of a fan delta to the shelf edge and frequent oversteepening causing 
mass failures. Sediment supply was responsible for the distribution of grain size populations with 
common conglomerates in the Eastern Slope System rarely found in the Western Slope System. 
Slope accommodation appears to play the biggest role in distribution of sediment while the slope 
position determines the architectures and stacking patterns in the Juncal Formation
(6)  Refined biostratigraphic data is needed to determine the role of eustatic sea level changes 
in the Juncal Formation deposition, but comparisons with other Eocene Pacific coast deposits 
indicate that an eustatic sea level drop could have initiated canyon cutting into the shelf followed 
by delta progradation and fan deposition as accommodation is created. 
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(7) The Juncal Formation on the Pine Mountain fault block is an exceptional outcrop 
example of a transition from slope to shelf environment with rugged slope topography. Although 
the Juncal Formation was deposited in an active forearc setting, outcrop analogues can be applied 
to other active or passive settings with small, confined basins and a varied slope topography, 
such as the Gulf of Mexico. This detailed study is an example of how outcrops can be used to 
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Figure 1. Location of the study area.  A: Location of the study area within California. B: Regional structure map highlighting the Pine 
Mountain fault block (PMFB). C: Location of the Eocene Juncal Formation within the PMFB. Modified from Dibblee (1979), Minor 

























































































































Tcd- Cozy Dell Fm. shale
Tcds- Cozy Dell Fm. sandstone
Tjcg- Juncal Fm. conglomerate
Tjsh- Juncal Fm. shale
Tjss- Juncal Fm. sandstone
Tmaf- Matilija Fm. fine sandstone
Tmas- Matilija Fm. sandstone
Tmash- Matilija Fm. shale
Tq- Quatal Fm. clay
Tqs- Quatal Fm. sandstone




Figure 2. Geologic map of the study area highlighting the locations of Wagon Road Canyon and the NE Amphitheater within the 
WSS and Grade Valley within the ESS.  The systems have been divided into 3 to 4 units representing lithologic and architectural 




















Figure 3. Regional map showing the location of the Pine Mountain fault block (PMFB) with respect to the rotated Western 
Transverse Ranges (WTR).  Green dashed outline shows the original position of the WTR, and green shaded area shows the current 
location.  The red star shows the approximate location of the study area, outside of the rotated WTR block.  Modified after 
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Figure 4. Map of the major faults of the rotated Western Transverse Ranges (WTR) and the nonrotated southern Coast Ranges. Dark 
grey area shows the local extent of the rotated zone, with the light grey area showing the transition zone. Colored and numbered 
boxes show the locations of previous studies on the Juncal Formation in the area: 1) Page, et al., 1951 (red); 2) Van de Kamp, et al., 
1974 (orange); 3) Howell, 1975 (yellow); 4) Bronson, 1986 (green); 5) Thompson, 1987 (blue); 6) Yamashiro, 1989 (purple); 7) 
Obligado, 2003 (pink). Dark red outline shows the study area on the Pine Mountain fault block (PMFB) outside of the rotated block.  





Figure 5. General regional stratigraphic section, corresponding foraminiferal stages and zones, 
and eustatic coastal onlap curve. Blue curve is from Johnson et al. (2005) from the San Joaquin 
Basin modified after Haq et al. (1987, 1988) and yellow curve is from Miller et al. (2005) from 
studies in New Jersey. Lines on the coastal onlap curve represent sequence boundaries; heavy 
lines are major boundaries, thin lines are minor boundaries. ECCE- Eocene Canyon Cutting 
Event; PCCE- Paleocene Canyon Cutting Event. Modified and compiled from McDougal (2008; 


























































































































































Johnson et al. (2005)
Miller et al. (2005)
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Lithofacies 1- thinly laminated to 
structureless mudstone
Lithofacies 2- plane to ripple 
laminated and stratied sandstone
Lithofacies 3- interbedded, thin-
bedded sandstone and mudstone
Lithofacies 4- cross-stratied 
sandstone
Lithofacies 5- structureless to 
plane-parallel laminated sandstone
Lithofacies 6- structureless sand-
stone with pebble and cobble
layers
Lithofacies 7- matrix-supported 
conglomerate
Lithofacies 8- clast-supported 
conglomerate
Lithofacies 9- clast-rich muddy 
sandstone
Lithofacies 10- chaotic beds Figure 6.  Examples of the ten lithofacies described 
in the WSS and ESS of the Juncal Formation on the PMFB. 
Scales: 35cm rock hammer, 10cm yellow measuring tape, 
14cm silver pencil, and 20cm white ruler. Refer to the text and 














Type 1 Channel Element:
poorly-amalgamated gullies
~1m
Type 2 Channel Element:










Type 3 Channel Element:














Figure 7.  Examples of the four types of channel architectural elements and corresponding lithofacies in the Juncal Formation.
Channels have 10s of meters of erosional relief and gullies have <10 m of erosional relief. Erosional boundaries are designated with 
red lines; white lines represent bedding boundaries. Refer to the text for a complete description of the architectural elements and to 






















































Figure 8.  Examples of four architectural elements and corresponding lithofacies in the Juncal Formation, also see Figure 7: B) lobe 
overlying major erosional surface, C) laterally extensive mudstone sheets, D) sandstone sheets overlying a channel element, and E), 
two types of MTDs.  E-1) Type 1 MTD comprised of clasts suspended in a sandy/muddy matrix; E-2) Type 2 MTD comprised of 
intraformational mudstone rafts suspended in a sandy matrix.  Erosional boundaries are designated with red lines; white lines represent 
boundaries within the element. Refer to the text for a complete description of the architectural elements and to Figure 7 for four 


























Figure 9.  Photomosaic of Unit 1 and 2 of the Juncal Formation in the NE Amphitheater.  Unit 1 is dominated by mudstone with 
laterally discontinuous silt and sandstone lobes and sheets, interpreted as deposition from the tails of turbidity currents and the 
bypass of coarser material down slope. Unit 2 is marked by a change to thicker sandstones with local basal conglomerates.  
Amalgamated sandstones and lateral accretion deposits are interpreted as an increase of energy and bypass of sediments down slope
Sheet-like sandstones defined by lateral continuity and aspect ratios indicate a decrease in energy and deposition of sediment. The 
red box on the composite log (Appendix A-1) and the WSS geologic map (Figure 23) correspond to the location of this 













Figure 10.  Photomosaic of Unit 2 of the Juncal Formation at the Water Gauge outcrop.  MTDs create topography that overlying
sandstones fill as evidenced by lack of truncation of the MTD beds.  Discontinuous siltstone beds are interpreted as deposits from
tails of bypassing turbidity currents.  MTDs overlain by sandstone sheets and lobes are typical of Unit 2.  The orange box on the 















Figure 11. Photomosaic of Unit 2 of the Juncal Formation at the Tadpoles outcrop.  This is an example of MTDs that create 
topography trapping overlying sediments.  Thin beds with bypass indicators (e.g., discontinuous silt beds, ripples, scours)
are followed by sandstones sheets.  The pink box on the composite log (Appendix A-1) and the WSS geologic map (Figure 23) 
correspond to the location of  this photomosaic.     
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laterally discontinuous beds= bypass


















Figure 12.  Photomosaic of Unit 3 of the Juncal Formation at the Monster Channel outctop.  Channel elements are shallow compared
to the thickness of the sandstone body. Bypass features are abundant throughout. This outcrop is interpreted as a slope apron over-
lying a slope gully.  The yellow box on the composite log (Appendix A-1) and the WSS geologic map (Figure 23) correspond to 


























Figure 13.  Photomosaic of Unit 3 of the Juncal Formation at the Triple Sands outcrop. MTDs
followed by laminated mudstones and non-amalgamated, sheet-like sandstones are interpreted
as a waning energy flow with deposition of sediments infilling the topography of the MTD.  
The upper sandstones are amalgamated and erosionally-based, interpreted as an increase in
energy and bypass of sediment downslope, likely after the slope scars have healed.  Laterally 
these three sand units pinch out and have a mounded geometry. The green box on the composite
log (Appendix A-1) and the WSS geologic map (Figure 23) correspond to the location of













Figure 14.  Photomosaic of Unit 4 of the Juncal Formation at the Rafts outcrop.  Very thick MTDs with large rafts of mudstone 
and sandstone suspended within a matrix of mudstone or sandstone are common and are followed by thick sandstone sheets 
likely trapped in accommodation created by the MTD. The blue box on the composite log (Appendix A-1) and the WSS geologic 







Reworked sandstones, scours, barforms, 
foresets, load casts, mud rip-up clasts
MTD
CGL CGL












Figure 15. Unit 1 of the Juncal Formation at the Halfmoon Sandstone outcrop. Debris flow deposits at the base of the outcrop are
overlain by reworked and amalgamated deposits, and topped with sheet-like sandstones, interpreted as a waning energy cycle.  The 
















Figure 16. Unit 1 of the Juncal Formation at the Halfmoon Conglomerate outcrop. Conglomeratic channels amalgamated to 
form a channel complex. The entire channel complex is confined within an erosional boundary and does not interfinger laterally as 
seen in the WSS.  The orange box on the composite log (Appendix A-2) and the ESS geologic map (Figure 24) corresponds to the 




















Figure 17. Unit 2 of the Juncal Formation at the Lower Switchbacks outcrop. Conglomeratic channels amalgamate to 
form a channel complex.  Coarse grained deposition is controlled by large MTDs that create topography. The conglomerates 
are not as laterally continuous as the sandstone bodies and are confined within erosional boundaries.  The pink box on the 
















Figure 18. Unit 2 of the Juncal Formation at the Halfmoon/Thorne Meadows Splitoff outcrop. 
Thick, laterally continuous sandstone packages dominate the upper part of unit 2 and alternate 
with laminated mudstones. Structureless, coarse-grained sands contain large mud rip-up clasts, 
dune scale laminations, and dispersed pebbles.  The yellow box on the composite log (Appendix 














Figure 19. Unit 2 of the Juncal Formation at the Upper Switchbacks outcrop.  MTDs evacuate and create slope scars creating 
accommodation to trap overlying sediments.  Flat-bottomed slump scars are interpreted as an upper-slope depositional setting. 














concretions and pebble/cobble lags
injection/soft sediment deformation
Log 10
Figure 20.  Unit 3/4 of the Juncal Formation at the Fishbowls outcrop.  Coarse sandstone with pebble/cobble traction carpets and
concretions are common throughout.  Coaly organic matter is present especially along foresets.  Massive amalgamated and non-
amalgamated sheet-like sandstones are laterally extensive across the ESS.  The blue box on the composite log (Appendix A-2) and 
the ESS geologic map (Figure 24) correspond to the location of this photomosaic.        
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Figure 21.  Thorne Meadows outcrop in Unit 3 of the ESS.  Sediments here are interpreted to be deltaic with mouth bar lobes 
dipping in opposite directions and thickening upward beds within mouth bar packages.  This outcrop was not logged, but the grey









Figure 22. Unit 3/4 of the Juncal Formation of the Thorne Point outcrop. Very thick, 
structureless, laterally continuous, sheet and lobe sandstones with local areas of 
amalgamation and scours dominate this sequence, interpreted to be an upper slope and outer 
shelf depositional environment.  This outcrop was not logged because of access, but the purple 
















































































































Figure 23. Geologic map of the WSS. Colored boxesshow locations of outcrops in photomosaics and measured sections. Red 
dots show locations of samples for biostratigraphic analysis.  
Legend








Tcd- Cozy Dell Fm. shale
Tcds- Cozy Dell Fm. sandstone
Tjcg- Juncal Fm. conglomerate
Tjsh- Juncal Fm. shale
Tjss- Juncal Fm. sandstone
Tmaf- Matilija Fm. fine sandstone
Tmas- Matilija Fm. sandstone
Tmash- Matilija Fm. shale
Tq- Quatal Fm. clay






Trh- rhyolite dikes and sills
Thrust Faults
























































































































































































Tcd- Cozy Dell Fm. shale
Tcds- Cozy Dell Fm. sandstone
Tjcg- Juncal Fm. conglomerate
Tjsh- Juncal Fm. shale
Tjss- Juncal Fm. sandstone
Tmaf- Matilija Fm. fine sandstone
Tmas- Matilija Fm. sandstone
Tmash- Matilija Fm. shale
Tq- Quatal Fm. clay
Tqs- Quatal Fm. sandstone










Figure 24. Geologic map of the ESS. Colored boxes show locations of outcrops for photomosaics and measured sections. Red 













Figure 25.  Cartoons of the main architectural elements recognized in the Juncal Formation on the Pine Mountain Fault Block.  
A) Channel and Gully Elements; B) Lobe Elements; C) Sandstone and Mudstone Sheet Elements; D) MTDs.  Field examples of 
these elements are in Figures 7 and 8. Modified after Stow and Mayall (2000).  
A) Channel Elements B) Lobe Elements
C) Sheet Elements D) MTD Elements
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A- bioturbation B- ripples C- starved ripple train
up
I- mudclasts
E- sand dikes F- organics along foresets G- conglomerate barform
H- downcutting conglom. J- boudins
Figure 26.  Examples of identifying features in the ten described lithofacies.  These features do not necessairily occur in a single 





Figure 27 . Cartoon comparing stacking patterns of (A) laterally offset channel elements with (B) laterally accreted channel element. 
Following the fill of the first channel (A1), new channels are cut in rising offset positions and filled in the same manner (A2). 
A laterally accreted channel has one original erosional base (B1) with a fill that builds laterally (B2).  Modified from Dykstra and 
Kneller (2007) and Dykstra et al. (2011).   
original cut and ll, with subhorizontal bedding
lateral oset cut and ll, 
showing cut horizontal bedding
original cut and ll; notice bedding drapes
topography (lls laterally)
lateral accretion set; notice 
bedding continually drapes 





A1: single channel, lled
B1: single channel partially lled 
A2: multiple channels, lled and oset




































Figure 28.  Paleoenvironmental interpretation of the Juncal Formation, Unit 1, for the ESS and WSS.  Deposition is interpreted to be 
on the middle slope in water depths ranging from 1500-2000m.  The WSS is interpreted to be the deposits of slope aprons fed from 
up-dip slope gullies. Conglomerates in this system are trapped up dip in slump scars.  The ESS is interpreted to be a slope channel 












































Juncal Formation: Unit 2
Interpreted middle/upper slope
WSS: slope aprons and MTDs
ESS: slope aprons and MTDs
Figure 29.  Paleoenvironmental interpretation of the Juncal Formation, Unit 2, for the ESS and WSS.  Deposition is interpreted to be 
on the middle-upper slope in water depths ranging from 500-1500m.  The WSS sandstones are interpreted to be the deposits of slope 
aprons overlying MTDs fed from longshore currents and an unstable upper slope. The ESS is interpreted as sediments trapped in upper 
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1- Basin plain fan






Figure 30.  Diagram showing the various types of submarine fans in a continental margin 
setting. 1) Basin plain fans are fed by and directly connected to, up slope channels. 
2) Accommodation is created by mass failures on the slope. Deposition of the MTD results in a 
baffle that reduces the slope graident and traps slope aprons/transient fans. After the slope apron 
fills the accommodation, subsequent flows may spill over and continue down slope depositing on the 
basin floor in a 3) terminal fan. 4) Ponded fans may also be trapped by a reduction in slope 
gradient, but are not connected downslope to a terminal basin floor fan.  Modified from Gamberi 











B) MTD creates rough topography in WSS C) MTD creates rough topography in ESS














Figure 31.  MTDs control distribution of sediments on the continental slope. A) Cartoon demonstrating how the deposition of an 
MTD on the slope creates an uneven topography and controls the deposition of subsequent flows. B) MTD in Unit 2 in the WSS 
controls the deposition of the overlying sandstone sheet.  There is a lack of truncation of bedding within the sandstone, indicating that
the sandstone drapes the topography.  C) MTD in Unit 2 in the ESS controls the distribution of conglomerates that are not deposited 










Juncal Formation: Unit 3
Interpreted middle/upper slope
WSS: slope aprons and MTDs
ESS: outer shelf deposits 
Figure 32.  Paleoenvironmental interpretation of the Juncal Formation, Unit 3, for the ESS and WSS.  Deposition is interpreted to be 
on the upper slope to shelf in water depths ranging from 150-500m.  The WSS is interpreted to be the deposits of slope aprons 


































































Juncal Formation: Unit 4
Interpreted upper slope/shelf
WSS: slope aprons and MTDs
ESS: shelf deposits 
Figure 33.  Paleoenvironmental interpretation of the Juncal Formation, Unit 4, for the ESS and WSS.  Deposition is interpreted to be 
on the upper slope to shelf in water depths ranging from <150m.  The WSS is interpreted to be the deposits of slope aprons 























































A) Mouth bar deposits B) Swaley cross-stratication and double-mud drapes





D) Organics draping surfaces
Figure 34.  Details of deltaic features in the Juncal Formation at the ESS Thorne Meadows outcrop.  A) Mouth bar deposits
in opposite directions with thickening upward bedding. B) Swaley cross-stratification indicates sediments were deposited above wave
base and double-mud draped ripples may suggest a tidal influence. C) Large raft block within a slump deposit. D) Coaly organic 
matter drapes surfaces within the sandstones. Red lines represent erosional boundaries; white lines represent bedding plane or clasts.  
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A) Initial slope channel/gully development
B) Change in slope gradient












Figure 35.  Cartoon showing the effects of a change in slope gradient on slope apron 
development.  A) Initial slope channel or gully. B) Reduction of slope gradient by intraslope
faults or slumps and slides. C) Resulting deposition of a slope apron until the slope gradient is 
healed and subsequent flows can continue to the basin floor to form a terminal fan.  Modified









UNIT LOCATION SAMPLE AGE DEPTH
1 NEAmph 12 barren
1 NEAmph 13 Middle Eocene bathyl to abyssal >150m
1 NEAmph 14 Early-Middle Eocene Zone P9-P11 upper middle bathyl 500-1500m
1 NEAmph 26 barren
1 NEAmph 27 barren
1 WRC 11 Middle Eocene Zone P11 upper middle bathyl 500-1500m
2 WRC 4 Middle Eocene bathyl to abyssal >150m
2 WRC 5 Middle Eocene Zone P11 upper middle bathyl 500-1500m
2 WRC 6 Middle Eocene bathyl to abyssal >150m
2 WRC 7 Middle Eocene bathyl to abyssal >150m
2 WRC 8 Middle Eocene Zone P11 upper middle bathyl 500-1500m
2 WRC 9 Middle Eocene bathyl to abyssal >150m
2 WRC 10 Middle Eocene bathyl to abyssal >150m
3 WRC 19 Early-Middle Eocene Zone P6b-P11 bathyl to abyssal >150m
3 WRC 20 Middle Eocene Zone P10 lower middle bathyl 1500-2000m
3 WRC 21 barren
3 WRC 25 Middle Eocene Zone P10-11 lower middle bathyl 1500-2000m
3 WRC 28 barren
3 WRC 29 Middle Eocene Zone P10-11 lower middle bathyl 1500-2000m
3 WRC 30 Middle to Late Eocene bathyl >150m
4 WRC 31 Middle to Late Eocene bathyl >150m
4 WRC 32 Eocene bathyl >150m
4 WRC 33 Early-Middle Eocene bathyl >150m
4 WRC 34 Early-Middle Eocene bathyl >150m
UNIT LOCATION SAMPLE AGE DEPTH
1 GV 42 barren
1 GV 43 Middle Eocene Zone P10 lower middle bathyl 1500-2000m
2 GV 41 Tertiary probably bathyl >150
2 GV 40 barren
2 GV 39 Tertiary probably bathyl >150
2 GV 44 Middle-Late Eocene Zone P10-15 upper bathyl 150-500m
3 GV 38 Tertiary probably bathyl >150
3 GV 37 barren
3 GV 36 barren
3 GV 35 barren
Biostratigraphic data for Western Slope System
Biostratigraphic data for Eastern Slope System
Table 1. Age and water depth data for the Juncal Formation on the PMFB based on benthic 
foraminifera present in samples collected for this study. Because slope environments have 
considerable amounts of erosion and transport, the samples may contain foraminifera from 
older sediments and foraminifera transported from neritic environments. Therefore, the age 
and water depths have poor resolution. Locations for each of the samples are in Figures 23
and 24.
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LOCATION UNIT STRUCTURE ORIENTATION
WSS 2 dune foresets 204°
WSS 2 dune foresets 156°
WSS 2 dune foresets 271°
WSS 2 starved ripple train 318°
WSS 2 dune foresets 138°
WSS 2 tool mark 246°
WSS 2 dune foresets 258°
WSS 3 dune foresets 340°
WSS 3 ripples 150°
WSS 3 dune foresets 300°
WSS 3 dune foresets 40°
WSS 3 dune foresets 340°
WSS 3 dune foresets 212°
WSS 3 ripples 220°
WSS 3 ripples 250°
WSS 3 ripples 290°
AVG= 240°
Table 2.  Measured paleocurrent data for the Western Slope System from dune and ripple 
foresets, and toolmarks. Paleocurrents are distributed in all directions but average toward 
the southwest at 240°.
WSS measured paleocurrents





LOCATION UNIT STRUCTURE ORIENTATION
ESS 1 clast imbrication (At, Bi) 275°
ESS 1 clast imbrication (At, Bi) 250°
ESS 1 clast imbrication (At, Bi) 247°
ESS 1 clast imbrication (At, Bi) 265°
ESS 2 flutes 223°
ESS 2 flutes 230°
ESS 2 flutes 216°
ESS 2 flutes 215°
ESS 2 flutes 265°
ESS 2 clast imbrication (At, Bi) 218°
ESS 2 clast imbrication (At, Bi) 234°
ESS 2 clast imbrication (At, Bi) 202°
ESS 2 clast imbrication (At, Bi) 178°
ESS 2 clast imbrication (At, Bi) 206°
ESS 2 clast imbrication (At, Bi) 228°
ESS 2 clast imbrication (At, Bi) 212°
ESS 2 clast imbrication (At, Bi) 210°
ESS 2 clast imbrication (At, Bi) 198°
ESS 2 clast imbrication (At, Bi) 218°
ESS 2 clast imbrication (At, Bi) 226°
ESS 2 clast imbrication (At, Bi) 186°
ESS 2 clast imbrication (At, Bi) 194°
ESS 2 clast imbrication (At, Bi) 216°
ESS 2 clast imbrication (At, Bi) 208°
ESS 2 clast imbrication (At, Bi) 212°
ESS 2 clast imbrication (At, Bi) 195°
ESS 2 clast imbrication (At, Bi) 150°
ESS 3 clast imbrication (At, Bi) 208°
AVG=217°
Table 3. Measured paleocurrent data for the Eastern Slope
System from flutes and A-axis transverse, B-axis imbricated 
clast imbrication groups.  Paleocurrents are concentrated 


















































































Table 4. Grain size scale used to estimate grain size in the field while measuring sections.  Based on the Wentworth (1922) grain size

















































depositional sorting of 




from low density, fine-
grained turbidity 
current or fine grained 
tail of bypassing coarse 
turbidity current
Mudstone sheets; Channels Te (Bouma, 1962); F9a (Mutti, 1992); F9a (Amy, 2007)
Lithofacies 2:  
Plane to ripple 
laminated and 
stratified sandstone
                                  
Fine to medium 
sand











Tb, Tc, Td (Bouma, 1962); F6, 
F7, F9a (Mutti, 1992); F6, F7, 
F9 (Amy, 2007); Facies 2 





Mud to fine sand










sheets; Lobes; Mudstone 
sheets
Td (Bouma, 1962); F9a (Mutti, 
1992); F9 (Amy, 2007); Facies 3 
(Pyles et al., 2010)
Table 6.  Summary of the characteristics of the ten lithofacies in the Juncal Formation on the PMFB.  See Figure 6 for corresponding
photos of each lithofacies. 
Lithofacies 4: 
Cross-stratified 









S1 (Lowe, 1982); F6 (Mutti, 
1992); F6 (Amy, 2007); Facies 7 













sandstone                             
Matrix: fine to 
very-coarse sand 
Clasts: granules to 
cobbles
Suspension 
sedimentation with a 




sedimentation in upper 
laminated portion 
followed by 




turbidity current or 
sandy debris flow with 




Ta [structureless], Tb [planar- 
laminated] (Bouma, 1962); F5 
(Mutti, 1992); S3 (Lowe, 1992); 







Medium to very 
coarse sand with 
pebble/cobble 
layers. 
Frictional freezing of 
traction carpets, and 
suspension 
sedimentation with a 








S2 (Lowe, 1982); F4 (Mutti, 
1992); F4 (Amy, 2007)
Lithofacies 7: 
Matrix-supported 
conglomerates   
Matrix: coarse to 
very coarse sand 
Clasts: pebble to 
cobble
Cohesive freezing;  Suspension and 
traction sedimentation 
Cohesive debris flows, 
high density turbidity 
currents Channels
F2 (Mutti, 1992), Facies 2 
(Gardner et al., 2003), A1.4 
(Pickering et al., 1986); F2 
(Amy, 2007); R3 and R2 (Lowe, 
1982)
Table 6 (continued).  Summary of the characteristics of the ten lithofacies in the Juncal Formation on the PMFB.  See Figure 6 for 












conglomerates   
Matrix: coarse to 
very coarse sand 
Clasts: Pebble to 
cobble
Frictional freezing, 
traction and bedload 
sedimentation
High density turbidity 
currents, debris flows, 
grain flows, or non- 
cohesive debris flows  
Channels F3 (Mutti, 1992; Amy, 2007); R1 (Lowe, 1982) 
Lithofacies 10: 
Chaotic and contorted 
beds 
Matrix: mud to 
medium sand. 
Clasts: up to 
boulder, rafts up 
to 4m.  
Frictional freezing Slumps and slides Mass transport deposits
Facies 2 (Cronin et al., 1998); 
Type Ia and Ib MTCs (Pickering 
and Corregidor, 2005); F2.1 





Matrix: mud to 
fine sand. Clasts: 
up to boulders
Cohesive or frictional 
freezing Cohesive debris flows
Mass transport deposits; 
Lobes
F1 (Mutti, 1992); Facies 1 
(Cronin et al., 1998); Type II and 
III MTCs (Pickering and 
Corregidor, 2005); Facies 4 
(Jackson, 2009); F1 (Amy, 2007)
Table 6 (continued).  Summary of the characteristics of the ten lithofacies in the Juncal Formation on the PMFB.  See Figure 6 for 










A. Channels and Gullies
1) Poorly-amalgamated 
channels and gullies
concave-up moderate to high beds thin upwards little to none interbedded sand and mud (L3), 
structureless sandstone (L5)
2) Amalgamated, laterally 
offset channels
concave-up low massive channel fill high
structureless sandstone (L5), matrix-
supporred conglomerate (L7), and clast-
supported conglomerate (L8)





parallel to ripple laminated sandstone 
(L2), interbedded sand and mud (L3), 
cross-stratified sandstone (L4), 
structureless sandstone (L5)
4) Mudstone-filled channels concave-up moderate to high evenly bedded none laminated mudstone (L3)
B. Lobes convex-up/ mound low to moderate
beds thicken 
upwards moderate
cross-stratified sandstone (L4), 
structureless sandstone (L5)
C. Mudstone sheets sheet high evenly bedded little to none laminated mudstone (L1)
D. Sandstone sheets sheet high
beds may thicken or 
thin upwards little to none
cross-stratified sandstone (L4), 
structureless sandstone (L5),  
pebble/cobble layered sandstone (L6)
E. Mass-transport deposits





trend not amalgamated clast rich muddy sandstone (L9)
2) Chaotic beds disorganized 
mound
low no recognizable 
trend
not amalgamated chaotic/contorted beds (L10)
Table 7. Summary of features of the five architectural elements recognized in the Juncal Formation. Architectural elements are described 
in detail in the text and corresponding annotated photographs and cartoons of each element type are included in Figures 7, 8 and 25. 
Associated lithofacies are described in detail in the text, summarized in Table 6 and photograph examples are included in Figure 6.  
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Water depths
 in the ESS
Water depths











150m 500m 350m 19km 1.05°
250m 1000m 750m 19km 2.26°
500m 1500m 1000m 19km 3.01°
Table 8. Calculated lateral slope angles between the Eastern Slope System and Western Slope 
System in Units 3 to 4 based on water depth ranges from benthic foraminiferal biostratigraphic 
data and an approximate distance of 19 km between the two systems. Benthic foraminiferal 
data ranges between 150m and 500m in the upper portion of the ESS and between 500m and 
1500m in the WSS. The slope angle was calculated based on these ranges to give an estimate 
of the steepness of the slope from the ESS over to the WSS. The range of 1-3° for the slope 
angle between the systems is in agreement with slope angles in offshore deltaic settings 
(Mellere et al., 2002). 
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Western Slope System Eastern Slope System
Unit 1
-Mudstone sheet elements with 
 laterally discontinuous silt beds
-Bypass features, little coarse-grain
 deposition
-Interpretation: Middle slope
-Channel elements with a 
 conglomeratic ll
-Channel elements amalgamate
 to form channel complexes
-Interpretation: Middle slope
Unit 2
-MTD elements create topography
 that controls deposition of 
 overlying sediments
-Bypass features above MTDs
 followed by deposition 
-Interpretation: Middle slope
-MTD elements create topography
 that controls the deposition of
 overlying sediments
-Conglomerates and sandstone 
  lobes common
-Interpretation: Upper slope
Unit 3
-Shallow channel elements with 






 with pebble/cobble layers
-Coaly organic particles found
 along foresets




-MTD elements with large rafts 
 increase in thickness and 
 frequency
-MTD elements overlain by thick
 sandstone lobe and sheet 
elements
-Interpretation: Upper slope
-Very thick sandstone lobe 
elements with deltaic features
-Gastropods and bivalves
-Interpretation: Shelfal
Table 9. Comparison of main features and interpretations for each unit in the Western Slope System and the Eastern Slope System.
The two systems are adjacent and interpreted to be coeval, but their grain size populations and architectural elements change









sandstone lobe and sheet elements
mudstone 
mudstone 







































(combines Units 3 and 4 for the ESS)
Table 10. Calculated average stratigraphic thicknesses for each unit in the Western Slope System and the Eastern Slope System.  
Stratigraphic thickness= s (sin a * sin d * cos b - cos d * sin b), where s= taped line, a= strike, d= dip, and b=vertical angle.  Multiple
calculations were done through each unit to determine the average stratigraphic thickness. The similarity in thickness between the
WSS and ESS suggests the complete section is preserved and that the systems are coeval. Equation from Compton (1985). 
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Table 11. Comparison of Eocene Pacific coast systems.  Several systems along the Pacific coast were active during the Eocene and 
interpreted as coinciding with the eustatic sea level fall and the Eocene Canyon Cutting Event at 49.5my.  Ages of the systems are 
based on microfossil assemblages from the formations or from bounding shale units above and below the formations. Time scale
modified from McDougal (2008).
 
System Data Age Location
1) Butano and Point of 
Rocks Formations
Clarke and Nilsen, 1972
Kheradyar, 1988
2) Cantua Sandstone 
Member of Lodo Formation
Graham and Berry, 1979




Heller and Dickinson, 1985
5) Rocks Sandstone
Link and Nilsen, 1980
6) La Jolla Group: Ardath
Sequence






































San Juan Bautista 





Northern San Lucia 
Range, California
Lower contact of 
































































 Supplemental electronic files include composite measured stratigraphic sections for the 
Western and Eastern Slope Systems.  Measured Section 1 (A-1) represents the Western Slope 
System and Measured Section 2 (A-2) represents the Eastern Slope System.  Stratigraphic 
sections represent each of the four depositional units in the Juncal Formation and are color coded 
based on the ten lithofacies recognized in the field. 
Measured Section 1 (A-1): File contains the composite measured section for the Western Slope 
System through the Northeast Amphitheater and Wagon Road Canyon. 
Measured Section 2 (A-2): File contains the composite measured section for the Eastern Slope 
System through Grade Valley.
